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Abstract- Maximum Power Point Tracking (MPPT) is essential 
for the application of a photovoltaic (PV) energy system in order 

to extract the maximum possible power under variable conditions 

of irradiation and temperature. This paper deals with the 

implementation of different MPPT algorithms for a PV array 

installed for a system connected to the Grid: Perturb and 

Observe (P&O), Fuzzy Logic Control (FLC), Cuckoo Search 
(CS), and Beta algorithms were simulated in Matlab/Simulink 

and the results were analyzed and compared. Beta algorithm 

proved to have greater tracking power, minor power loss, great 

tracking speed, less time, and less oscillation than the other 
techniques. 

Keywords-beta algorithm; cuckoo search; fuzzy logic 
controller; grid; photovoltaic; MPPT; P&O; THD 

I. INTRODUCTION  

Global increasing energy consumption and inevitable 
reduction of fossil fuel resources has pushed scientists to find 
and develop novel renewable energy resources [1, 2]. Solar 
energy is the most abundant renewable energy source [3, 4]. 
Photovoltaic (PV) energy becomes an important alternative as 
it is ubiquitous, environment friendly, freely available, it has 
low operational and maintenance costs, and less balance of 
systems [5]. Therefore, the technological innovations with the 
lower cost of PV modules lead to the implementation of PV 
grid-connected systems, especially small ones with Low 
Voltage (LV), which have gradually emerged [6]. However, the 
efficiency of a PV system is low, the output characteristics of 
solar arrays are nonlinear, and they vary with solar irradiance 
and temperature [7]. In order to make the PV system fully 
exploited, it must operate at its Maximum Power Point (MPP).  

There are two categories of Maximum Power Point 
Tracking (MPPT) techniques: conventional MPPT algorithms 
which are simple and low-cost, yet they have poor efficiency. 
The second category consists of the MPPT methods based on 
intelligent control. These methods are complex with high 
efficiency [8]. Many research studies on the MPPT techniques 
have been reported. Authors in [9] fixed the duty cycle, in the 
simplest of methods that does not require any feedback, in 
which the load impedance is adjusted only once for the MPP 
and it is not adjusted again. Authors in [10], proposed an 
Adaptive Reference Voltage (ARV)-based MPPT technique to 
improve the performance of the constant voltage tracking 
technique by making it adaptable to weather conditions. 
Constant voltage control can be easily implemented with 
analog hardware. However, its MPPT tracking efficiency is 
low relative to those of other algorithms [9]. Authors in [11] 
used the SimPowerSystems platform in Matlab to design a PV 
system and a new GMPPT algorithm based on the open circuit 
voltage. The open circuit voltage method was adapted to a 
system under shading condition in [12]. This method has high 
tracking accuracy but does not always track the real peak and 
instead it causes the system to operate at a point close to the 
MPP. Authors in [13] proposed a hybrid MPPT method 
combined with the conventional Short Current Pulse (SCP) 
MPPT method and Perturb & Observe (P&O) method [14-15]. 
This algorithm is the most commonly used because of its ease 
of implementation for standalone PV systems. However, P&O 
has limitations that reduce its MPPT efficiency [16] while it 
requires complex control circuits [17]. 

Conventional MPPT methods are used satisfactorily, but 
they have the problem of low speed of convergence and high 
oscillations around the MPP. Since the P-V characteristic of a 
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PV module is not linear, the conventional MPPT control 
method is not adequate. To resolve this problem, alternative 
MPPT control methods based on intelligent algorithms have 
been widely proposed and successfully applied .The most 
known intelligent methods for MPPT are Fuzzy Logic Control 
(FLC), Artificial Neural Networks (ANNs), and meta-heuristic 
algorithms [18]. Authors in [19] proposed ANNs as a global 
theoretical approach for predicting and tracking the MPP of 
solar panels. ANNs have been extensively used to model the 
complicated relationship between the inputs and outputs of 
nonlinear systems [19]. Several microcontrollers use FLC for 
MPPT. The FLC is preferred when the mathematical model of 
the control plant is difficult to obtain. This technique has been 
proposed in several research works to achieve the MPP. 
Authors in [20] mentioned that FLC can track the MPP quickly 
while it has better dynamic and steady-state performance. 
However, the main disadvantages of FLC are that the variation 
of irradiance can cause drift and the implementation is 
complex. The Particle Swarm Optimization (PSO) -based 
MPPT approach has been presented in [21, 22]. In [7], a 
modified version of PSO is developed. The PSO is highly 
potential due to its simple structure, easy implementation, and 
fast computation capability [23]. 

The main contribution of this paper is to determine the most 
efficient method to track the MPP of a grid connected PV 
system. The proposed methods are the Cuckoo Search (CS) 
algorithm [24-27], the Beta algorithm [28], P&O method, and 
FLC. 

II. MODEL DESCRIPTION OF THE PV MODULE 

A simple equivalent circuit model for a PV cell is shown in 
Figure 1 [29]. The ideal case is presented by a current source in 
parallel with a diode, the real case of a PV cell is represented 
by the insertion of the resistances Rs and Rsh [30-31]. 

 

 
Fig. 1.  Electric model equivalent of a PV cell. 

The current of the PV panel is given by [32-33]: 

I	 � 	 I�	– 	I	 �exp	. ��.�������.� � � 1�–	���	��	����
�    (1) 

The current through the diode is given by: 

I� � 	I �exp	. ��.��������.� � � 1�    (2) 
The solar cell output current is : 

I	 � I�	–	I�	–	 I��     (3) 
where I is the solar cell current (A), I�  is the light generated 
current (A), I�  is the diode saturation current (A), R�  is the 
solar cell series resistance (Ω), q is the electron charge (1.6× 
10-19C), K is the Boltzman's constant, T represents the cell 

temperature (K), V is the solar cell's output voltage (V), and 
R�� is the solar cell's shunt resistance (Ω). 
In this paper, the solar panel SPR-305E-WHT-D is 

considered. The specifications of this solar panel at steady state 
conditions (STC) of 25

o
C and 1000W/m

2
 are the parameters 

used in simulations and are shown in Table I [34]. 

TABLE I.  PARAMETERS OF THE CONSIDERED PV PANEL [34] 

Information Value 

Open circuit voltage 64.2V 

Short circuit current 5.96A 

Voltage at MPP 54.7V 

Current at MPP 5.58A 

Maximum power 305.226W 

Parallel strings 66 

Series-connected modules per string 55 

 

III. MPPT TECHNIQUES 

A. Perturbation and Observation (P&O)  

The P&O method is one of the best MPPT approaches used 
to track the MPP in PV panels, combining easy implementation 
and simplicity of execution [35]. In P&O technique, we 
introduce a minor -predefined change to perturb the system and 
consequently cause the power variation of the PV module [30]. 
The PV output power is measured periodically and is compared 
with the previous power value [36-37]. If the power output 
increases, the same process continues, otherwise, the 
perturbation direction is reversed [36]. 

B. Cuckoo Search (CS) 

The CS algorithm [38] was proposed as an efficient 
metaheuristic optimization mechanism. This algorithm 
emulates the behavior of cuckoo birds in their reproduction 
process [24-25]. The cuckoo bird lays its eggs inside the nests 
of other birds instead of building its own [24]. It will choose 
the best nest for her eggs to hatch safely and breed a new 
generation of cuckoos. In some cases, in order to increase the 
chance of hatching, the cuckoo bird will make some effort as it 
lays its eggs strategically in a good position and sometimes 
drops the eggs of the host birds outside the nest. Some cuckoo 
species even produce eggs similar to the eggs of other bird 
species [25]. Upon hatching, the young cuckoos sometimes 
destroy the eggs of the host birds to increase the chance of 
getting more food. In some cases, host birds discover and 
destroy cuckoo eggs and may abandon their nests [27]. The CS 
optimization algorithm was developed, to track the MPPT of 
the solar PV. In order to make this algorithm suitable, some 
simplifications of the actual behavior are needed [39]. This 
algorithm works based on three rules [40] 

• Each cuckoo bird will only lay one egg in a random host 
nest. 

• Only the best nest, containing high quality organisms, will 
transmit the next generation of cuckoo birds. 

• Finally, host networks are considered to have a fixed value. 
Levy flights are used to create new eggs and a step size of 
the cuckoo is determined with the Levy function as follows:  
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Levyβ� � L%&     , 1 ' β ( 3    (4) 
where L is the flight length. The optimizing flight size 
coefficient α is regarded as a fraction of excreted eggs (P+), 
where P+ 	 ∈ 	 -0, 10. 
C. Fuzzy Logic Controller (FLC) 

The main task of the FLC is to reach the MPP. However, 
the performance of the controller depends principally on 
human expertise. Fuzzy logic can work with imprecise inputs, 
it does not need the precise mathematical model of the system 
[41]. E(t) and 123� are the FLC inputs given by (5) and (6) 
[42]: 

Et� � 6789�%6789%:�
�789�%�789%:� �

∆6
∆�    (5) 

dEt� � Et� � Et � 1� � ∆E    (6) 
where 	P6�t� and V6�t�	are the output power and the voltage 
of the PV module. 

The FLC output is dD, which is the variable step size of the 
duty cycle: 

dD � Dt� � Dt � 1�    (7) 
In this work, the triangular membership function is chosen 

for the inputs, due to its simplicity [43]. The proposed control 
model simulated in Matlab/Simulink is shown in Figure 2. 

 

 
Fig. 2.  Simulink model of the fuzzy logic controller. 

D. Beta Method 

The Beta method has been detailed in [44]. In this method, 
an intermediate variable β is used to track the MPP [45]. The 
intermediate variable β is given as [29, 46]: 

β � ln A BCDECDF � c H vIE    (8) 
c � q/NsAKT�    (9) 

where ipv and vpv are the PV current and voltage, c is the diode 
constant, q is the electron charge, A is the diode ideality factor, 
K the Boltzmann's constant, T is the temperature of the p-n 
junction, and Ns is the cell number of the PV module. 

The Beta-based MPPT algorithm consists in tracking the 
reference β* that is calculated at the MPP [47]: 

β∗ � ln A BCDRCC
ECDRCC

F � c H vIERCC     (10) 

where vIERCC  and iIERCCare respectively the MPP voltage and 
current of the PV array at STC. 

IV. SIMULATION RESULTS 

This paper aims to test the feasibility and effectiveness of 
the considered MPPT methods to track the MPP of a grid-
connected PV panel. The simulation of the overall system 
depicted in Figure 3 was carried out in Matlab/Simulink. The 
considered MPPT methods for this comparative study are: 
P&O, FLC, CS, and Beta. The PV array is modeled to have 66 
strings and connected to the boost converter that operates with 
the MPPT controller. The linguistic variables in this study are 
defined as Positive Big (PB), Negative Big (NB), and Zero 
(ZE). Figure 4 presents the grid details connected with the PV. 

In order to examine the effect of solar irradiation on module 
characteristic, the temperature of the cells was kept constant at 
25oC. In Figures 5 and 6, the obtained I-V and P-V 
characteristics at different irradiation levels are shown. 

 

 
Fig. 3.  100 kW PV grid-connected PV array. 
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Fig. 4.  Grid details. 

 
Fig. 5.  I-V characteristic of the PV module at constant temperature and 

variable irradiation level. 

 
Fig. 6.  P-V characteristic of the PV module at constant temperature and 

variable irradiation level. 

A DC-DC boost converter is utilized as a power-
conditioning unit between the PV module and the grid. The 
degree of the membership function of the inputs E, dE and the 
output dD is shown in Figure 7. The output voltage and current 
of the converter are converted by a three-phase inverter, to 
produce AC signals. This PV system is connected to the 
distribution line via a 100kVA transformer. To examine the 
robustness and the efficacy of the considered techniques in the 
tracking of MPP and re-tracking with changes in the weather 
conditions, the temperature of the cells is kept constant at 25°C 
and the irradiance level changes. Sun insulation of 1000W/m² 
is applied to the PV system in t ϵ [0, 1s]. Then, it is changed to 
400W/m

2
 between 1 and 1.5s. Finally it is stepped to 

1000W/m
2
 between 1.5 and 3s as shown in Figure 8. 

 
Fig. 7.  Membership function inputs E, dE and output dD. 

 
Fig. 8.  Irradiation variation. 

Figure 9 shows the output power of the considered 
methods. In Figure 9(a), we see the calculation of the 
Maximum Power Efficiency (MPE), that presents the main 
evaluation parameter of the MPPT in PV systems, in STC 
conditions. The MPE measures the percentage of the created 
power at certain time mentioned to the theoretical maximum 
created power at the same time. At STC, the MP (maximum 
power) is 100.7Kw. The power achieved by Beta, FLC, P&O, 
and CS was: 100.4, 100.3, 100.2, and 100.18KW respectively. 
The efficiency achieved by Beta, FLC, P&O, and CS was 
99.7%, 99.6%, 99.5%, and 99.48% respectively. We see that 
Beta achieved higher efficiency than the other techniques .We 
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can clearly note that in a transient state large oscillations can be 
observed in CS and FLC, which cause power loss. 

 

(a) 

 

(b) 

 

Fig. 9.  PV system’s power output: (a) STC, (b) sudden irradiance change. 

In order to extent the robustness of the MPPT techniques, 
settling time is an essential tool. The settling time in STC 
(Figure 9(a)) for Beta, FLC, CS, and P&O is 0.0256s, 0.1614s, 
0.2411s, and 0.0914s respectively. So, Beta ensures the 
convergence to the MPP more rapidly.  

In the zoomed part (1-1.4s) of Figure 9(b) the first step 
change is introduced at 1s. We stepped the irradiance from 
1000W/m

2
 to 400W/m

2
. The FLC and Beta reach the MPP 

without an overshoot in short time, but the CS and P&O reach 
the MPP with large overshoot. In the interval from 2 to 3s, 
irradiance changed from 400W/m2 to 1000W/m2. With the CS 
algorithm, the oscillations around the MPP introduce a power 
with an average value equal to 98.3KW which creates a static 
error equal to 1.7kW. These results have confirmed the good 
performance and the high effectiveness of FLC and Beta. At 
t=2.6s, the CS reaches the MPP. CS takes a relatively long time 
to reach the MPP without an overshoot. P&O presents large 
oscillations around the MPP. The major inconvenience of P&O 
algorithm is its poor behavior following a sudden change in 
irradiance. 

For the PV voltage (V6�) and the PV current (I6�) shown in 
Figure 10, we observe that in the transient state of PV voltage 
(V6� ), the CS and FLC algorithms present large oscillations 
between t=0 and t=0.2s. In the steady state, FLC, CS, and Beta 
are stable, but P&O in the intervals of the change of irradiance, 
presents large oscillations. 

Figure 11 shows the DC output voltage regulation to 
connect the PV with the grid. In the zoomed part, with the 
quick change of irradiance at t = 1 s, Beta reached the reference 
voltage 500VDC quicker than the other algorithms. 

(a) 

 

(b) 

 

Fig. 10.  (a) PV current, (b) PV voltage. 

 
Fig. 11.  The DC output voltage regulation at 500VDC. 

 
Fig. 12.  Power injected into the grid. 

Figure 12 shows the power injected into the grid. In the 
zoomed part (2.8-3s), P&O presents a large oscillation. The 
power achieved by Beta, FLC, P&O, and CS is 98.73, 98.72, 
98.58, and 98.57kW respectively. This confirms the higher 
efficacy of the Beta algorithm. 



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8228-8235 8233 
 

www.etasr.com Kebbab et al.: A Comparative Analysis of MPPT Techniques for Grid Connected PVs 

 

(a) 

 

 

(b) 

 

 

(c) 

 

 

(d) 

 

 
Fig. 13.  AC output current waveform with grid connection, THD 

performance: (a) P&O, (b) CS, (c) FLC, (d) Beta. 

The injected current to the grid has the shape of a sinusoidal 
wave, as shown in Figure 13 that confirms the effectiveness of 
the considered proposed controllers. To evaluate the quality of 
the injected current, the Fast Fourier Transform (FFT) analysis 
of the current is also shown in Figure 13. All the considered 
techniques show low THD , within the acceptable limit as per 
the standards IEC 61727, IEEE 1547 and IEEE 929 [48]. Beta 
and P&O perform better than the other algorithms with  
THD = 2.13%. 

V. DISCUSSION 

We note that the Beta method has satisfactory application in 
PV systems but with load resistance. In this paper our model is 
realized with a 100kW grid-connected PV system. The 
simulation results showed that the Beta method can address the 
two problems the existing MPPT methods face, namely the 
tradeoff between the steady-state oscillations and dynamic 
behavior and the tradeoff between high computational load and 
accuracy, since it shows a fast tracking speed in the transient 
stage, smaller oscillations in the steady-state and medium 
complexity of implementation. The performance of the Beta 
method as an MPPT technique is evaluated with respect to 
other known existing techniques, namely P&O [4], which 
introduces considerable oscillations near the MPP that lead to 
power losses, the FLC [6], and CS algorithm which presented 
large oscillations around the MPP contrarily to the results 
presented in [25]. 

To confirm the efficiency of proposed method, two 
comparisons were conducted: 

• Power efficiency and settling time: The main evaluation 
parameters of the MPPT in PV systems are power 
efficiency and settling time. In this paper, the efficacy of 
the Beta technique was proved with efficiency of 99.7% 
and settling time of 0.0256s 

• THD comparative study: Another criterion taken into 
account in evaluating the performance of the considered 
control algorithms is the rate of distortion of the network 
currents (THD). The results of the FFT analysis of the 
current were compared and validated. 

VI. CONCLUSION 

The efficiency of a PV system is an essential indicator for 
assessing the power of grid-connected PV systems. MPPT 
performance is a key indicator. A MPPT algorithm must be 
used to track the operating point with the highest power output. 
In this esteem, this paper presented and compared four MPPT 
algorithms: P&O, FLC, CS, and Beta with regard to the 
achievement of the MPPT and the injection of sinusoidal 
current to the electric grid. 

The simulation results showed the superior performance of 
the Beta algorithm in effectively and efficiently following the 
MPP with minimum oscillations and highest speed, even 
during a quick change in the solar irradiance. 
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Abstract-Soil uncertainties play an important part in the analysis 

and design of geotechnical structures. The effect of uncertainties 
on the geotechnical structures and their influence on the 

probability of failure or reliability of the structure is of great 

interest for geotechnical researchers. Probabilistic-based slope 

stability analysis incorporates the uncertainties present in the 

soil, as expressed in terms of mean, variance, and 

autocorrelation. In this paper, reliability analysis of a finite 

cohesive soil slope based on the probabilistic approach is 
presented using the First Order Second Moment (FOSM) 

method, First Order Reliability Method (FORM), and Monte 

Carlo Simulation (MCS) method. Stability analysis has been 

performed using the ordinary method of slices to calculate the 

Factor Of Safety (FOS) of the slope under undrained conditions. 

The reliability analysis has been implemented in the MS-excel 

spreadsheet environment and was mainly focused on the two 

models, namely the deterministic model for calculating the FOS 

of the slope and the uncertainty model for generating the random 

variables of uncertain soil parameters. The reliability index (β) of 

the soil slope and its corresponding probability of failure (Pf) was 

calculated using the above methods. The obtained result shows 

that the MCS method has significantly shown better performance 
than FOSM and FORM because of its robustness and simple 
approach to calculate Pf and β of the slope. 

Keywords-reliability index; FOSM; FORM; MCS; probability 

of failure  

I. INTRODUCTION  

Soil characteristics are influenced by various factors (e.g. 
characteristics of their origin rock, erosion and weathering 
actions, and sedimentation condition) and therefore, its 
properties vary spatially at different depths, something that is 
also referred to as inherent spatial variation of the soil. These 
inherent variations of the soil cannot be reduced as they are 
independent in nature, therefore, classified as aleatory 
uncertainty [1]. Apart from the inherent variability of the soil, 
several other uncertainties such as measurement uncertainty, 
statistical uncertainty, and transformation model uncertainty 
affect the design and analysis work of geotechnical structures. 
The measurement uncertainties [2] arise due to system errors, 
sample mishandling, and testing errors which can be reduced 
by improving the knowledge on testing techniques and 

equipment, therefore, are classified as epistemic uncertainties 
[1]. The statistical uncertainty [2] is a part of the measurement 
uncertainty, which may arise due to the unavailability of the 
adequate number of sample data. The insufficiency of the 
model to represent the system's actual conditions, results into 
transformational model uncertainties [3]. These uncertainties 
can be reduced if proper correlations between the relevant 
parameters can be established. It has been shown that the 
epistemic uncertainties do not affect the geotechnical 
structures. The response of geotechnical structures is 
significantly affected by the inherent spatial variability of the 
soil [4-6]. These uncertainties affect the soil properties and 
ground stratification and subsequently influence the design of 
geotechnical structures. Slope stability determination is based 
on FOS. In the deterministic method of analysis, FOS is 
expressed as the ratio of the resisting moment to the 
overturning moment. When FOS > 1, the slope is considered as 
safe [7]. In the probabilistic approach of slope analysis, the 
uncertainty present in the soil is expressed in terms of its mean 
and standard deviation and is modeled using the autocorrelation 
function [8]. Probabilistic slope stability analysis is used to 
address the various uncertainties present in the soil [9, 10] and 
calculate the ��  and � of the slope. Many probabilistic based 
reliability methods have been developed to estimate the values 
of � and ��  for geotechnical structures specially for the slope 
problem, such as FOSM [1, 11-13], FORM [1, 13-15], and 
MCS [13, 16-18].  

In this study, probabilistic based reliability analysis of a 
finite cohesive soil slope is done using FOSM, FORM, and 
MCS. The uncertainties present in the undrained shear strength 
of the soil at vertical depth have been considered. The spatial 
variations in undrained shear strength of the soil ����  are 
modeled by the one-dimensional random field theory and the 
autocorrelation function. The saturated unit weight �γ	
��, ��, 
coordinates of the centre of slip surface �� , �� and the radii of 
the slip surface ��� are used to prepare the sample data. The 
slope stability model has been prepared and analyzed in a MS-
Excel spreadsheet which is divided into two parts, the 
deterministic and the uncertainty model. The obtained � and �� 
were compared. 
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II. METHODOLOGY 

A. Deterministic Model 

Deterministic modeling is the process of estimating the 
��� for a defined set of parameters using limit equilibrium 
methods. No concept of probability is used in the deterministic 
analysis. The ��� is calculated using the ordinary method of 
slices [19]:  

��� � 	
∑�	∆��	∑�� �	 �� �
� ∅�

∑� 	�� �
     (1) 

where	 ′ is the effective cohesion, ∆" is the length of the arc, ∅′ 
is the effective frictional angle, # is the weight of the slice, $ 
is the inclination of the slice base. For cohesive soil under 
undrained condition, (1) can be further modified as: 

��� � 	
∑%&	∆�

∑� 	���
    (2) 

where ��  is the undrained shear strength of the soil. Visual 
Basic Application (VBA) codes have been written for 
determining the ���  values with respect to different center 
coordinates ��, �� and radii of the slip surface ���  and the 
lowest value as ���  which corresponds to the critical slip 
surface having coordinates �� , ��  and radius ���  were 
identified.  

B. Ucertainty Model 

The uncertainty model is used to generate the uncertain 
parameters which are considered as random variables in 
reliability analysis. Based on the distribution type, correlation 
details, and statistics of the random variables, the random 
samples of the uncertain parameters are obtained in the 
spreadsheet. In this study, the ��  of the soil is taken as an 
uncertain parameter with respect to the depth '� . Let �̅ �)���'*�, ���'+�, … , ���'��-.  represent the vector of �� at 
different depths '� � '*, '+,… , '� . When ��  is log-normally 
distributed, it can be represented as [9,20-21]: 

�̅ � /�0	�113 4 5"	676�    (3) 
where 1  and 5  are the mean and standard deviation (SD) 
of 	89)���'�- , 13  is the 9 -column unit vector, 76  is the 9 -
dimensional standard normal vector, "3 is a 9	 : 9 dimensional 
lower triangular matrix generated by the Cholesky 
decomposition of ;3 � "3"3.. The correlation between 89)���'��- 
and 89<���'=�> at respective depth '� and '= is given as: 

;3 	�	;�= � /?@
A|CDECF|

G H
    (4) 

where ;3  is the correlation matrix and I  is the correlation 
length. 	I  is defined as the length up to which the soil 
parameters are fully correlated. 

III. RELIABILITY ANALYSIS 

A. FOSM 

The FOSM is a very simple method for calculating 
reliability based on the Taylor’s first-order series expansion. 
The � is calculated using FOSM [1,8,13,22-23] as: 

� �	JKLM@*NKLM     (5) 

where 1OP% and 5OP% are the mean and SD of FOS. 
B. FORM 

In FORM, � is calculated in terms of length as the shortest 
distance measured from the origin of the failure surface and the 
design point. � is expressed in matrix formulation [22] as: 

� � QR9S
T∈O

VWxD@JDND Y
. )R6-@* WxD@JDND Y 	,			R � 1,2,… , 9    (6) 

where � represents the failure domain, ��  represents a set of 
random variables, 1�  represents the mean of the random 
variable, 5� represents the SD of the random variable and )R6- is 
the correlation matrix of uncertain parameters. 

C. MCS 

MCS is a mathematical procedure of continuously 
evaluating an empirical operator having a random variable of 
known probability distribution. For obtaining preferred 
accuracy level ��, the number of samples to be generated by 
MCS should be at least equal to 10/�� [18]. For example, for 
obtaining �� of 0.001 accuracy, the total number of samples to 
be generated by MCS should be at least equal to 10,000. Figure 
1 shows the flowchart of the slope stability analysis using 
MCS. The ��  of the slope is calculated as the ratio of number 
of samples having ��� \ 1 to the total number of generated 
samples. The � corresponding to the ��  is calculated as: 

� �	]@*�1 ^ ���    (7) 
where ]  is the standard normal cumulative distribution 
function. 

 

 
Fig. 1.  Systematic representation of MCS for slope stability analysis. 

IV. PROBLEM STATEMENT 

A finite cohesive slope [21], has been taken in this study to 
assess its reliability having uncertainty in undrained shear 



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8236-8240 8238 
 

www.etasr.com Kar & Roy: Probabilistic Based Reliability Slope Stability Analysis Using FOSM, FORM, and MCS 

 

strength in vertical depth. The cross-section and soil properties 
of the slope are shown in Figure 2. The slope stability analysis 
is carried out using the ordinary method of slices in undrained 
situation. Hard stratum is assumed to be present at 15.0m 
below the soil. The total 15.0m soil layer is divided into 30 
layers, each having thickness equal to 0.5m. The undrained 
shear strength with depth is log-normally distributed having an 
exponential correlation. The correlation length is taken as 
2.0m. 

 

 
Fig. 2.  Cross-section for the slope stability problem. 

V. RESULTS AND DISCUSSION 

The critical slip circle is obtained by choosing different 
combination of center coordinates ��, �� and radius of the slip 
surface ��� to obtain minimum ���. Table I shows the range 
of ��, �� and � taken in this study. 

TABLE I.  RANGE OF CENTER COORDINATES AND RADIUS OF THE 

SLIP CIRCLE 

Parameter Minimum Maximum Range 

Coordinate x (m) 1.0 4.0 3.0 

Coordinate y (m) 7.0 10.0 3.0 

Radius r (m) 11.0 16.0 5.0 

 

 
Fig. 3.  Deterministic model developed in MS-Excel. 

Based on this data, an area having the lowest ��� has been 
identified, and a grid of small intervals of 0.2m has been taken 
to further identify the critical slip surface. Figure 3 shows the 
deterministic model worksheet of the example problem. Table 
II shows the ��� , the center coordinates ��, �� , and the 
radius ��� of the slip surface obtained with the deterministic 
model. 

TABLE II.  CRITICAL SLIP CIRCLE AND FOS 

Method _`a b (m) cd  (m) ed (m) 

Ordinary method (MS-Excel) 1.248 16.0 2.6 8.8 

 

After obtaining the ���  and critical slip surface, the 
uncertainty model is developed. Figure 4 shows the uncertainty 
model worksheet. 

 

 
Fig. 4.  Uncertainty model developed in MS-Excel. 

 
Fig. 5.  ��� histogram showing the mean and the SD of the samples used 
in FOSM. 

The �� values obtained in the uncertainty model are copied 
to the �� values in the deterministic model through linking of 
their input/output cell. By doing this task, the values of ��� 
generated in the deterministic model will become random and 
using the F9 key in MS-Excel will produce random values of ���. By doing so, we could easily perform MCS, FORM, and 
FOSM by continuously pressing F9 key, but instead, a VBA 
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macro code has been run in the MS-Excel to calculate the 
random values of ���. For this study, a total of 1850 FOS 
samples were generated and reliability analysis has been 
performed using FOSM, FORM, and MCS. Figure 5 shows the 
mean and SD obtained from the samples of FOS in FOSM. The 
value of �	was calculated as 2.56 and the value of ��  as 1 ^	](2.56) = 0.52%. The � is estimated using (6). Each term in 
(6) is computed using a code written in Matlab. The correlation 
matrix )R6-, with dimensions of 31×31, was obtained using (4) 
and is shown in Figure 6. The reliability is calculated for all the 
1850 FOS samples and the minimum value is reported as the 
reliability index. The �  obtained using FORM is 2.62 which 
corresponds to a �� value of 0.44%. Table III summarizes the 
result of MCS obtained for I = 2m. All the 1850 samples were 
taken for MCS. For a specified target FOS (say 1.2), out of the 
1850 samples, 374 samples got values less than 1.2. In other 
words, it can be stated that these 374 samples failed. Therefore, 
the �� is calculated as 374/1850 = 2.76%. This corresponds to a 
value of �	equal to 1.92. 

 

 

Fig. 6.  Correlation matrix )R6-. 
TABLE III.  SUMMARY OF MCS RESULTS 

f Simulation 
technique 

Samples 
Target 
FOS 

Number of 
Samples < 

target FOS 

gh (%) i 

2m MCS 

1850 1.1 51 2.76 1.92 

1850 1.2 374 20.22 0.83 

1850 1.3 977 52.81 - 

1850 1.4 1538 83.14 - 

1850 1.5 1764 95.35 - 

1850 1.6 1839 99.40 - 

1850 1.7 1848 99.89 - 

 

 
Fig. 7.  ��� histogram from MCS. 

The histogram of the ��� obtained from the 1850 MCS 
samples is illustrated in Figure 7. It can be seen that out of the 
1850 samples, 13 have FOS values less than 1. The ��  is 

calculated as 13/1850 = 0.7%. This corresponds to a value of �	equal to 2.46. 
Table IV summarizes the results of the obtained � and ��  

using the 3 different reliability methods. The value of ��  varies 
from 0.44% to 0.70% having maximum relative difference 
among different methods of about 37%. There is a decrease of 
26% in ��  in FOSM as compared to MCS. Similarly, a 
difference of 37% in ��  in FORM as compared to MCS is 
observed. The � of the slope varies from 2.46 to 2.62. 

TABLE IV.  TESULTS OBTAINED FROM DIFFERENT RELIABILITY 

METHODS 

Method Samples β Pf (%) Relative difference in gh (%)

FOSM 1850 2.56 0.52 -26.0 

FORM 1850 2.62 0.44 -37.0 

MCS 1850 2.46 0.70 # 
#Base value for calculating relative difference  

 

VI. RESULT COMPARISON 

Authors in [22] assessed the reliability of a cohesive soil 
slope having spatial inherent variation in the undrained shear 
strength. The height of the slope is considered 10m having a 
slope angle of 26.6°. The hard stratum is present 20m below 
the top of the soil. They analyzed the slope and calculated the 
FOS using the ordinary method of slices. Further, they 
calculated the reliability index of the slope using FOSM, 
FORM, and MCS. They concluded that various uncertainties 
can be taken into account rationally in probabilistic slope 
stability analysis through MCS. MCS method provides a robust 
and conceptually simple way to estimate the reliability index or 
slope failure probability. 

Authors in [13] studied the reliability-based probabilistic 
method of analysis of a finite soil slope by considering the 
uncertainties in cohesion and angle of the internal friction of 
the soil. The height of the slope is considered to be 5m having a 
slope inclination of 1V:2H. The unit weight of the soil is taken 
as a constant and the hard stratum is present 15m below the top 
of the soil. They analyzed the slope using the ordinary method 
of slices and calculated the reliability index and its 
corresponding probability of failure of the slope using FOSM, 
FORM, and MCS. They found that the MCS method 
performed significantly better than FOSM and FORM. 

VII. CONCLUSION AND FUTURE WORK 

The current study mainly focuses on the reliability analysis 
of a finite cohesive soil slope in MS-Excel spreadsheet 
environment based on the probabilistic approach. The effect of 
uncertainties arising due to the spatial variability of the soil was 
examined. A comparative study on the results of slope analysis 
using the FOSM, FORM, and MCS reliability methods was 
presented. The obtained results show that MCS exhibited 
improved performance in comparison with the other methods 
due to its robustness and simple approach. When using the 
MCS method, it becomes very easy to generate any number of 
samples of the FOS and calculate their failure probability and 
its corresponding reliability index. 
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The study also presents the involvement of a large number 
of random variables modeled with the random field theory. The 
research also shows that the MCS method can assist in the 
understanding of the nature of complex problems and assessing 
the associated risk. This study will help in guiding the 
geotechnical practitioners dealing with slope stability analysis 
when various uncertainties are encountered in the soil and will 
help them in their decision-making process. 

In the future, the study will be further extended for a 
cohesive-frictional soil slope and layered soil slope using other 
sophisticated limit equilibrium methods, i.e. the Bishop’s 
simplified method and the Morgenstern-Price method. 
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Abstract-Fly ash powders produced from pulverized carbon are 

a promising renewable and sustainable replacement for Ordinary 
Portland Cement (OPC) in concrete. However, quantifying the 

desired compressive strength threshold requires defining the 

ratio of Fly Ash (FA) to fine aggregates (S). This study presents 

two novel machine learning models to predict the mechanical 

properties of FA-based Alkali-Activated Cementitious Materials 

(AACMs) using supervised regressors. The two models, SLR and 

MGSVM, showed high prediction accuracy (~95%) based on raw 

compressive strength training datasets from AACMs with mixed 

proportions of FA/S (0, 5, 10, 15, 20, 25, and 30%) for 28 days of 

curing. Maximum compressive strength of ~67.5MP was 

observed at approximately 20% FA/S (spline interpolation), 

suggesting the attainment of high mechanical stability. Having 

more than 30% FA/S indicates a high probability of recovering 
the original strength of 61MPa for pristine AACMs. The non-

linear stress or strain patterns against FA/S confirmed the 

applicability of stress-strain relationships and elasticity laws. The 

pozzolanic properties of FA facilitate interaction with Ca(OH)2 

for aggregation linked to the non-linear behavior. This study 

provides generalized design models for correlating the mix 

proportions in OPC-substituted AACMs to the optimum 
compressive strength. 

Keywords-regression; machine learning; compressive strength; 

fly ash; mechanical stability; cementitious materials 

I. INTRODUCTION  

Concrete consists of Ordinary Portland Cement (OPC), 
aggregates, water, and some other materials and chemical 
additives, such as superplasticizers. OPC, as the primary 
binding material, plays a crucial role in determining concrete’s 
properties [1]. Mineral admixtures are natural pozzolans (i.e. 
form cementitious compounds in a finely divided form in 
presence of water, combined with calcium hydroxide) like coal 
Fly Ash (FA) or fine aggregates (S), which can be obtained 
commercially from thermal power plants [2, 3]. The 
compressive strength of FA-based concrete was found to be 
strongly correlated with the Blaine value [4], the pozzolanic 
reaction or cure age (high Ca(OH)2 and the reaction of 
SiO2+Al2O3 in FA induce reaction rates), resulting in non-

linear relationships [5] and forming hydrate deposits (the 
decreased Ca(OH)2 content and low Ca

2+ concentration 
increase the deposition of C3S and cement hardness) [6-8]. 
Physical parameters, including Blaine (surface area) and 
particle size, along with other chemical processing parameters, 
such as C3S, C2S, C3A, C4AF, and SO3 contents, are some of 
the factors determining the compressive strength after 28 days 
of curing [9-11]. The compressive strength of FA concrete was 
predicted in [12] using the "Particle Model" according to the 
classification and the chemical information of FA particles. 
Very high precision was obtained from the model with R2=0.99 
to predict the compressive strength of 20% and 40% FA 
substitution (mass replacement) of cementitious materials with 
different curings from 3 to 180 days. This particle model 
applied Machine Learning (ML) classification algorithms, 
which classified FA particles into 9 different groups [13-14], 
allowing to build models and carry out regression analysis at 
different curing times giving empirical prediction models. 
These models were able to predict the compressive strength of 
FA concrete for 26 various FA sources (Class C and Class F 
based on ASTM C618 [15] for concrete mixtures made of 
OPC). It should be noted that ASTM C618 ASEM was 
previously published as a widely accepted method to compare 
the performance of different FAs [16]. Type I Portland cement 
consists mostly of CaO (~63%), SiO2 (~21%), and Al2O3 
(~4.6%) with other trace elements. The ratio of water-to-
cementitious material of 0.45 is a common practice when 
testing mixture proportions with a 20% or 40% FA replacement 
content. The identified strength performance of the mixtures 
based on 2000 particles of existing 11 elements (Si, Al, Fe, Ca, 
Mg, S, Na, K, Ti, P, and Sr) showed that the Particle Model 
was capable of building accurate predictive equations [16-18].  

In [19], the Unconfined Compressive Strength (UCS) of 
coal FA-based cement-based pastes, mortars, and concrete was 
predicted using ML models, showing a negligible mean square 
error of 5MPa according to mixtures following the European 
Standards (35% for cement and 55% for concrete). These 
models described experimental data with UCS ranges of 32.5–
52.5MPa and 12–60MPa based on the European limits on 
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cement and concrete respectively. Mix composition data were 
trained for the generalization of the model [20] from Neural 
Network Analysis (NNA) and based on the defined input and 
output variables and the nonlinear relationships, concluding 
that the least influencing variables on strength were additives, 
being water or aggregates and cement, while the products and 
compositions of different amounts of FA were the detrimental 
variables. The development of sustainable concrete mixtures 
with optimal compressive strengths was also studied in [1, 21-
25] by combining linear regression with SVM and Artificial 
Neural Networks (ANNs), resulting in successful and precise 
models focused on the reduction of environmental impacts of 
concrete from information like aging time, contents, and ratios 
between contents. 

This study examined the impact of adding FA powders or S 
as a sustainable full replacement of OPC in concrete from 
collected experimental datasets on the compressive strength of 
FA-based Alkali-Activated Cementitious Materials (AACMs). 
An ML analysis was applied with supervised training and 
testing of mixed proportions data, using SLR and MGSVM 
regression trainers from MATLAB toolboxes, for building 
accurate strength predictive models for 28-days cured AACMs. 
The reliability and validity of the built models were evaluated 
using residual analysis to identify the models with minimum 
statistical error. The compression results obtained from data 
fitting and the prediction analysis using trained models were 
utilized to find the ideal FA/S ratio to maximize the 
compressive strength and mechanical stability. Furthermore, 
changes in the mechanical properties were studied at high 
mixing ratios to check the effect of FA pozzolanic properties 
on particle aggregation and provide a generalized design model 
for OPC-substituted AACMs with optimum compressive 
strength. 

II. METHODS AND FRAMEWORK 

All AACM composite mixtures were prepared at room 
temperature at 20±1°C and 65±5% relative humidity and then 
were cured in steam condition. The studied parameters were 
slag cement (SL), with a constant quantity as the core binder 
for the full replacement of OPC, combined with FA by partial 
replacement with S according to the previously mentioned 
ratios. Alkali activator (AL) to slag cement ratio (AL/SL) of 
20% and 50% water/slag cement ratio (W/SL) were used for all 
mixes to create an economically desirable performance with the 
complimentary benefits of meeting the sustainable 
development of high-performance systems [26-30]. The studied 
mixture proportions of AACMs can be found in [26-28, 31], 
and the datasets were gathered from previous experimental 
works [26, 27, 31]. The collected datasets for 28-day curing 
included FA/S of 0, 5, 10, 15, 20, 25, and 30% to evaluate the 
optimum favorable mixture designs that improve the 
mechanical stability of AACMs after steam curing with 
constant ratios of AL and W to SL as the core binder. ML 
analysis was applied using supervised training and testing of 
mixed proportions data through the SLR and MGSVM 
regression trainers from MATLAB toolboxes to build accurate 
strength predictive models. The original datasets containing 21 
values were expanded to 105 using the earlier introduced 
concept of "in-between randomization" [32-35], by correlating 

randomly generated strength values between the three 
measured samples of each mixing ratio to the same FA/S 
proportion. This 5-fold expansion approach allows better ML 
training and testing analysis. The datasets were then divided 
randomly into two groups: 80% for training and 20% for 
testing to check the validity and reliability of the models in 
predicting the compressive strength. The supervised regression 
analysis was initiated from a selection of training data points 
(84) and testing data points (21) of the already curated and built 
datasets, based on raw experimental results (7 data points with 
3 trials each). The model’s validity was examined using the 
testing datasets and by applying residual analysis to identify 
models with minimum statistical errors. The collected datasets 
included only FA/S as an independent input parameter and 
compressive strength as the only dependent variable, based on 
raw datasets taken from earlier works of AACMs with 28-day 
steam curing [26, 27, 31, 36, 37]. 

Various supervised regression learners from MATLAB’s 
toolbox [38] were selected for training and testing. Linear and 
tree regression models as well as SVM and Gaussian Process 
Regression Models (GPRM) with a 50-fold CV were used to 
identify the optimal compression strength [38-41]. The training 
datasets consisted of four 84×1 matrices representing the input 
parameters and the compressive strength output. The 
compression results obtained from data fitting and prediction 
analysis were utilized to find the ideal FA/S ratio with the 
maximum compressive strength. Furthermore, changes in the 
mechanical properties were studied at high mixing ratios to 
check the effect of the pozzolanic properties of FA on particle 
aggregation. It should be noted that each sample number was 
correlated with gradual-increasing ratios associated with the 
mixing proportions of FA/S 0, 5, 10, 15, 20, 25, and 30%, and 
their corresponding compressive strengths from experiments 
for both training and testing data points, which were originally 
forked from the raw datasets. 

It is quite common to measure a models' validity and 
prediction ability using various statistical metrics, including 
coefficient of determination (R2), Mean Square Error (MSE), 
Root Mean Square Error (RMSE), Mean Absolute Error 
(MAE), and residual analysis. These metrics were respectively 
calculated using their mathematical definitions [42-44]:  

R� = �∑ ���,
��̅����,
��̅��
�� ��
∑ ���,
��̅���
�� ×∑ ���,
��̅���
��

    (1) 

MSE = ∑ ���,
���,
��
��
�     (2) 

RMSE = �∑ ���,
���,
��
��
�     (3) 

MAE = ∑ ���,
���,
��
��
�     (4) 

Residual = #$ − #&    (5) 
where #$,'  and #$ are the observed values, #&,'  and #&are the 
predicted by the ML model values, #̅$ is the average of the 
experimentally obtained values, #̅&  is the average of the 
predicted values, and ( is the dataset size. RMSE and MAE 
allow the demonstration of more accurate prediction results, 
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where more similarities arise between the trendlines of both 
experimental and predicted samples with higher R2 [45]. Once 
the regression learners were trained, the statistical metrics 
obtained from the different models were compared. Then, the 
best models (e.g. SLR, fine trees, MGSVM, ensemble boosted 
trees, ensemble bagged trees, squared exponential Gaussian 
process regression) were selected by checking if R2>0.7. Only 

models that met the previous conditions were further examined 
to compare their predicted response patterns. Finally, the 
MGSVM (R2>0.95) model was chosen for further analysis 
against the SLR (R2>0.68). Figure 1 depicts the process of 
selecting the optimal supervised ML models for the accurate 
prediction of strengths correlated to FA/S. 

 

 
Fig. 1.  Flowchart for developing and selecting the optimal ML models for accurate prediction of compressive strength correlated with FA/S ratio. 

III. RESULTS AND DISCUSSION 

A. Impact of Adding FA/S 

The impact of adding FA/S content to the studied AACMs 
was identified from the datasets. The selected testing data 
points showed a similar pattern, while an inspection of the 
experimental results shown in Figure 2(A) confirms the 
reliability of the built ML models for accurate predictions. The 
cementitious materials showed a maximum compressive 
strength of ~67.5MP at ~20% FA/S ratio according to the raw 
data, as well as the spline interpolation fitting analysis using 
ORIGIN as illustrated in Figure 2(B). Without added FA or S, 
it appears that the cement cannot withstand high compressions 
greater than 61MPa, indicating the relatively poor mechanical 
strength before the addition of FA/S. However, increasing the 
FA/S ratio by more than 30% increases the probability of 
reaching a point where the original compression strength of 
61MPa can be recovered, which is similar to the case of having 
pristine cement without additives.  

Interestingly, these results were proved through 
experiments, supervised ML, and regression fitting. Combining 
a core binder with a higher FA/S replacement ratio of up to 
20% resulted in improved compressive strength by forming a 
denser binder matrix, which confirmed more released heat and 
higher initial mix temperature. However, the replacement ratios 
of FA/S over 25% reduced the composites’ compressive 
strength due to the lack of accessibility for hydration, as 
lowering produced heat inhibited dense binder formation, 

influencing the pozzolanic reactions and AACMs mechanical 
properties. Raw data suggest the addition of higher FA rates 
than those of fine aggregates to achieve high mechanical 
stability, as much as closer to the optimal point of ~20% FA/S 
ratio for the maximum mechanical and compression stability of 
the cementitious materials, as shown in Figure 2. This could be 
achieved using training/testing dataset ranges of 0-300kg/m3 
and 900-1200kg/m3 for FA and S additives, respectively. 

 

 

Fig. 2.  Relationships between the FA and S content as mixed proportions 
against the compressive strength of AACMs: (A) Comparison between the 
selected trained/tested datasets used in the supervised ML, (B) experimental 
data of FA/S ratio against compression fitted by spline interpolation using 
ORIGIN. 

B. Compression Predictions from SLR and MGSVM 

SLR and MGSVM showed unexpectedly high prediction 
accuracy for the observed pattern, as shown in Figure 3, 
compared to the other MATLAB supervised regression 
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learners. The selection of training and testing data points from 
the already curated and built datasets, based on the raw data 
experimental results, led to the acquisition of training and 
testing trendlines of various samples against the observed 
compressive strength, as shown in Figures 3(A) and (B), 
respectively. Similar regression trends were generated when 
testing the model’s validity. It is worth noting that the sample 
number is correlated with gradual-increasing ratios associated 
with the various FA/S ratios and their corresponding 
compressive strengths. Since both SLR and MGSVM were 
capable of producing results very close to the experimentally 
observed pattern, they were both considered as the possible 
optimal available supervised models to predict the changing 
pattern of the experimental datasets, including training and 
testing data points originally forked from the raw datasets. 

 

 

Fig. 3.  Results with SLR and MGSVM and their comparison with the 
experiment  

C. Exceedance Probability for SLR and MGSVM 

The exceedance probability is the probability that a certain 
value will be exceeded in a predefined future period [46, 47]: 

* = +
,�-./    (6) 

where n is the total number of compressive strengths, m is the 
ranking from highest to lowest of observed, trained, and tested 
data separately. The observed (training) or predicted (testing) 
outputs were utilized to statistically characterize the 
compressive strength of AACMs, as shown in Figure 4. The 
values observed exceeded various percentages of the specified 
compressive strength. A 5% exceedance probability from both 
SLR and MGSVM models means that a high compressive 
strength could exist and be exceeded by only 5% of all sampled 
records, whereas a 95% exceedance probability from sampled 
records is characterized with low compressive strength. 

 

 
Fig. 4.  Observed vs. predicted compressive strength showing the 
exceedance probability of the ML models.. 

D. Predictions Accuracy and Statistical Errors 

A comparison between the training and testing datasets was 
used to build the ML regression prediction models, as shown in 
Figure 5. The statistical analysis allowed checking the 
prediction accuracy of the built models. Most of the observed 
versus the predicted training dataset points, either from SLR or 
MGSVM models, were very close to the exact approximated 
compressions values and close to the drawn diagonal dotted 
line shown in Figure 5(A). Similarly, the same pattern was 
observed for the testing datasets, as shown in Figure 5(B).  

 

 
Fig. 5. Observed vs. predicted compressive strength of AACM composites 
showing the prediction accuracy of the built ML models: (A) training, (B) 
testing. 

These results imply the correctness and the reliability of the 
model to be used for predicting the experimentally obtained 
compression results, without the need to conduct further 
experiments when dealing with similar cementitious materials. 
Note that regardless of the number of used data for testing, one 
would get similar accurate model results if a minimum of 84 
experimental data points were used in the model training 
session to ensure the model’s capability of producing high 
predictions. The statistical error parameters obtained for each 
built model, including RMSE, R2, MSE, and MAE, are shown 
in Table I. 

TABLE I.  STATISTICAL ERRORS OF REGRESSION MODELS 

Model 
FA/S = [0, 5, 10, 15, 20, 25, and 30%] 

SLR MGSVM 

RMSE 298.59 117.39 
R2 0.68 0.95 
MSE 89158 13781 
MAE 230.64 84.75 
SLR=Stepwise-Linear-Regression, MGSVM=Medium-Gaussian-SVM; Cross-Validation (CV): 
50-fold. Considering that reliable models should have minimum MSE or RMSE with R2 > 0.70. 

 

E. Residual Analysis, Stress/Strain in FA-Based Composites 

Residual statistic analysis is a method to check the 
reliability of the built ML models for their potential adoption 
by the scientific community. The compression strength results 
of the prediction analysis were compared, according to their 
calculated residuals which showed a very low residual range of 
±1, indicating the high precision of the supervised models as 
shown in Figure 6. The closer the determined residual points to 
the origin-line, the better the model accuracy becomes, 
indicating very low statistical errors. Thus, it seems that the 
MGSVM outperformed the SLR trained model due to its 
closer-to-the-zeroth-line points observed in the residual 
analysis. Moreover, the tested results residuals were almost 
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identical to those obtained from the training datasets, and this is 
only possible if the required compression of the AACMs 
composites is for samples with mixed proportions or ratios of 
FA/S in the range 0–30%. Such extrapolation may be possible 
if a huge selection of data points is available, which can be 
achieved from the in-between randomization and getting 
leverage of the inevitable experimental errors to create dataset 
inputs correlated to the same output ranges, yielding in much 
larger training datasets expanded for the possibility of 
predicting compression in mixed proportions with FA/S ratios 
beyond 30%. However, supervised ML models are ideal when 
analyzing inputs within the same provided experimental dataset 
constraints to ensure the correctness of the results without the 
need to conduct the experimental work. 

 

 

Fig. 6. Residual statistical analysis showing SRL and MGSVM accuracy: 
(A) Training datasets showing the low residual range of ±1 indicating high 
accuracy of the models, (B) testing datasets confirming the models’ ability to 
estimate experimental results with similar trained model high accuracy of ±1. 

The average stress and strain values were estimated using 
stress-strain relationships and elasticity laws for various FA/S 
ratios, confirming patterns that would follow non-linear 
behaviors of a polynomial function of third-order and second-
order for stress and strain, respectively, as shown in Figure 
7(A). Furthermore, the approximate impact of high 
compression, or even stretch after the applied force is released 
on the material, on the designed FA-based composites was 
determined, shown as changes in the matrix length from the 
Hook’s law analysis shown in Figure 7(B). However, both 
stress and strain were found to follow a linear pattern when 
plotted against compressive strength, observed from the various 
FA/S ratios, as shown in Figures 7(C) and (D) respectively. 
This indicates the possibility of directly applying common 
stress-strain relationships for the designed composites for 
further compression investigations. 

F. Novelty, Contribution, and Significance of the Results 

Several ML models were used to predict the mechanical 
properties of FA-based AACMs. The two presented models, 
SLR and MGSVM, showed a high prediction accuracy of 
~95%. Maximum compressive strength of ~67.5MPA was 
observed at ~20% FA/S (spline interpolation), which suggests 
the attainment of high mechanical stability. A FA/S greater 
than 30% indicates a high probability of recovering the original 
strength of 61MPa from pristine AACMs. This analysis 
showed the promise of using FA for a sustainable full 
replacement of OPC in concrete validated by SLR and 
MGSVM. The non-linear patterns of observed stress and strain 
against FA/S ratios were confirmed and linked to the 

pozzolanic properties of FA, facilitating interactions with 
Ca(OH)2 for aggregation. A novel theoretical analysis was 
suggested to investigate changes in mechanical properties of 
various FA-based compositions and the impact of FA 
pozzolanic properties on particle aggregation to provide 
generalized design models for correlating mix proportions to 
optimum compressive strength. 

 

 
Fig.7. Impact of computed compressive strength on the stress and strain 
behavior of the FA-based AACMs: (A) Average stress and strain values for 
various FA/S ratios determined from stress-strain relationships and elasticity 
laws showing that the expected behaviors of stress and strain follow a 
polynomial function of third-order and second-order respectively. (B) The 
calculated changes in matrix length observed at high-stress values show the 
impact of possible compression or stretch of the composites according to 
Hook’s law. (C)-(D) The obtained linear relationships between both stress and 
strain vs. the experimentally observed compressive strength. 

IV. CONCLUSION 

This study presented two high-accuracy predictive models 
from collected experimental datasets on the compressive 
strength of FA-based AACMs. The applied ML analysis was 
conducted using a supervised training and testing procedure on 
various proportions of fly ash (FA) to fine aggregate (S) ratios 
of 0, 5, 10, 15, 20, 25, and 30%. The analysis showed the 
promise of using FA as a sustainable full replacement of OPC 
in concrete and was validated with SLR and MGSVM 
regression trainers for 28-days of steam curing samples. This 
study aimed to evaluate the most optimum favorable mixture 
designs that would improve AACMs’ mechanical stability and 
maximum compressive strength. The built models predicted the 
mechanical properties of FA-based AACMs with high 
prediction accuracy (~95%) using MGSVM regressions that 
outperformed SLR-trained models due to their closer-to-the-
zeroth-line points observed in residual analysis, translated as 
minimum statistical errors. The concept of "in-between 
randomization" was applied by taking advantage of inevitable 
experimental errors for expansion of raw datasets by 5-fold to 
obtain a better ML analysis, using strength as output and mix 
ratios as input. The results revealed a maximum compressive 
strength of ~67.5 MP at ~20% FA/S, obtained from data fitting 
using trained models, suggesting an optimal ratio for an 
economic desired compressive strength threshold and the 
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attainment of high mechanical stability of the AACMs. The 
non-linear patterns of the observed average stress and strain 
against FA/S ratios, but with linear patterns against strength, 
were confirmed indicating the applicability of stress-strain 
relationships and elasticity laws for the built composites. The 
pozzolanic properties of FA that facilitate interaction with 
Ca(OH)2 for aggregation were linked to non-linear 
relationships. Furthermore, the approximated impact of high 
compression on the designed composites was realized from the 
introduced changes in the matrix length from Hook’s law. This 
study suggests a novel theoretical analysis to investigate the 
changes in the mechanical properties of various compositions 
based on FA and the impact of FA pozzolanic properties on 
particle aggregation. Such works could offer generalized design 
models for optimum compressive strengths needed in 
engineering construction applications. 
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Abstract-The need for rapid obtaining parts has made 

researchers to widely study 3D common printing technologies 

like FDM (Fused Depositing Modeling), SLS (Selective Laser 

Sintering), SLA (Stereolithography). Although FDM can provide 
high geometrical complexity of parts at convenient costs and with 

efficient delivery logistics, a set of printing parameters of the raw 

materials used for manufacturing needs to be optimized 

accordingly. Therefore, this study reveals the influence of 

printing parameters on the flexural strength of PLA (Polylactic 

Acid) and ABS (Acrylonitrile Butadiene Styrene) printed 

samples, by applying the Taguchi method and ANOVA (Analyisis 
of Variance) of 3-point bending tests results. 

Keywords-3D printing; experimental tests; 3-point bending; 

Taguchi method 

I. INTRODUCTION  

Additive technologies can accomplish technical tasks like 
complex geometrical part manufacturing with minimum cost 
and less complex technology by using a single step fabrication 
process. FDM is the most common technique in Additive 
Manufacturing (AM) that refers to the process in which 
successive layers of material are stored in a computer-
controlled environment to create a three-dimensional object [1, 
2]. However, in order to achieve the needed mechanical 
characteristics in industries such as bioengineering, aerospace, 
and automotive, several specific printing parameters must be 
adapted and optimized [2, 3]: 

• Building orientation: usually testing specimens are flat, on 
edge, and upright oriented. 

• Temperature conditions: environment, extrusion, bed and 
platform temperature. 

• Slicing parameters: layer thickness, nozzle diameter/ bead/ 

road width, flow rate, deposition speed, infill percentage. 

The considaration of several printing parameters can ensure 
the quality of products, improving dimensional precision, 
avoiding the production of waste and large amount of scraps, 
and increasing productivity rates [3-7]. For the optimization of 
the process conditions of FDM rapid prototyping technology, 
several statistical optimization techniques have been 
successfully used. Applying the Taguchi method to determine 
the design of experiment, signal to noise (S/N) ratio and 
ANOVA are commonly used to identify the influence of the 
determinant factors [3, 4, 8]. The novelty of this paper consists 
in the comparison of the flexural strength of the most common 
materials used within the FDM technology (PLA and ABS) and 
the behavior of printed parts related to process variables (layer 
thickness and infill percentage). This matter can be used to 
optimize the specific mechanical characteristics used for 
various technical applications.  

II. MATERIALS, METHODS AND PROCEDURES 

A. Setting Up Process Parameters 

Beside process parameters, the materials used to 
manufacture the parts by the FDM process also significantly 
affect their mechanical properties. The most widely used raw 
materials are thermoplastics such as ABS, PLA, polyethylene, 
teflon, and polypropylene, High-impact Polystyrene resin 
(HiPS), Polyethylene Terephthalate Glycol (PETG), and 
Polyamide (PA). For PLA and ABS the specifications collected 
from filament producers are shown in Table I. Each 3D printed 
sample results from a combination of signal factors such as 
layer thickness and infill percentage as shown in Table II. 

B. Sample Preparation  

A total of 45 samples (5 samples of each combination of 3 
layer thicknesses and 3 infill percentages) with standard 
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dimensions [9, 14, 15] (Figure 1) were fabricated from PLA 
and ABS, with a Raise E2 3D printer, with a volume capacity 
of 330×240×240mm and then were tested on a Lloyd LRX 
Force Tester electro-mechanical testing machine (Figure 2). 
Autodesk Inventor was used for designing the samples and the 
drawing was converted in STL format. Process parameters 
were adjusted with the Idea Maker software, including internal 
structure pattern (Figure 3), layer thickness, and infill 
percentage. 

TABLE I.  FDM FLEXURAL STRENGTH SAMPLE PARAMETERS 

Parameters 
Material specifications 

PLA ABS 

Nozzle diameter 0.40 mm 0.40 mm 
Build orientation Flat Flat 
Layer thickness According to Table II According to Table II 
Top solid layers 4 layers 4 layers 

Bottom solid layers 4 layers 4 layers 
Outline/perimeters shell 3 outlines 3 outlines 
Internal fill pattern Lines Lines 
External fill pattern Rectilinear Rectilinear 

Internal fill percentage According to Table II According to Table II 
Internal infill angle offsets 180◦ 180◦ 
Extruder temperature 210 ◦C 240 ◦C 
Heated bed temperature 60 ◦C 110 ◦C 
Default printing speed 70 mm/s 40 mm/s 
Filament diameter 1.75 mm 1.75 mm 
Filament density 1.24 g/cm3 1.05 g/cm 

TABLE II.  FDM VARIANCE OF SIGNAL FACTORS 

Signal factor selection 

Levels Layer thickness (A) Infill percentage (B) 

1 0.1 50% 
2 0.2 75% 
3 0.15 100% 

 

 

Fig. 1.  Flexural specimen according to ISO 178 [9]. 

C. Flexural Strength Experimental Tests 

The method is used to investigate the flexural behavior and 
to determine flexural strength. The deformation of the 
specimen gets to the point of maximum deflection, so, the 
maximum bending stress can be named flexural strength. The 
loading speed of the test was 1mm/min and the distance 
between the supports was calculated and measured at 64mm 
(L=16h, where h is the specimen’s height [9]). Tests were 
performed at room temperature (20°C) and the samples were 
allowed to acclimatize for at least 24h. Flexural strength was 
calculated with [9]: 

σ� � ���
��	
    (1) 

where σf is the flexural stress parameter in question, F is the 
maximum bending load (N), L is the span length (mm), b is the 
width of the specimen (mm), and h is the height of the 
specimen (mm). The results for each material are listed in Tables 
III and IV. 

 

 
Fig. 2.  Electro-mechanical machine Lloyd LRX Force Tester. 

 
Fig. 3.  Internal and external infill pattern of the samples for the 3 point 
bending test. 

III. RESULTS AND DISCUSSION 

A. Taguchi Method and S/N Ratio 

The actual results were analyzed with the Minitab statistical 
software. With the Taguchi method, parameter design converts 
the objective value to S/N ratio, which is known as the relation 
of S/N ratio in terms of the experimentally quality 
characteristic evaluation index [10-12]. S/N ratio represents a 
statistic reference that makes a comparison between the level of 
positive signal variables to the level of background noise 
parameters. In this study, the aim is to improve the mechanical 
properties of 3D printed parts and to transform signal 
parameters into system control factors. Therefore, in Minitab, 
the larger-the-better criterion is used, and S/N ration (η) is 
calculated with [4]: 

η � �10log ���∑
�
��


�
��� �    (2) 

where η is the S/N ratio, wi is the i position result of the 
experiment, and p is the repeated times of a trial.  

The two experimental results in S/N ratio are shown in 
Tables III and IV. η1, η2 are the S/N ratio for flexural strength 
both for PLA and ABS samples. 
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TABLE III.  MEANS OF FLEXURAL STRENGTH (PLA) 

Layer 

thickness (A) 
Infill (B) 

Maximum flexural 

strength (MPa) 
η1 

1 1 106.9575 40.5842 
1 2 110.9040 40.8989 
1 3 107.9085 40.6611 
2 1 95.4525 39.5957 
2 2 110.9805 40.9049 
2 3 113.5380 41.1028 
3 1 101.1675 40.1008 
3 2 109.1985 40.7643 

TABLE IV.  MEANS OF FLEXURAL STRENGTH (ABS) 

Layer 

thickness (A) 
Infill (B) 

Maximum flexural 

strength (MPa) 
η2 

1 1 71.9184 37.1368 
1 2 75.3567 37.5424 
1 3 77.7345 37.8123 
2 1 52.5024 34.4036 
2 2 56.1318 34.9842 
2 3 78.4725 37.8943 
3 1 50.2539 34.0234 
3 2 55.4201 34.8733 

 
By analyzing the S/N ratio, the significance of signal factor 

can be determined. The infill percentage ranks first (Table V), 
so the layer thickness has a smaller significance, as shown in 
Figure 4, in the Pareto Chart for PLA samples. 

TABLE V.  RESPONSE TABLE FOR S/N RATIOS (PLA AND ABS) 

Level 
Layer thickness 

(PLA) 

Infill 

(PLA) 
Level 

Layer thickness 

(ABS) 

Infill 

(ABS) 

1 40.71 40.09 1 37.50 35.19 
2 40.59 40.86 2 34.62 35.80 
3 40.53 40.89 3 35.76 36.89 
Delta 0.18 0.80 Delta 2.88 1.70 
Rank 2 1 Rank 1 2 

 

B. ANOVA 

ANOVA [13, 14, 16] was performed in order to identify the 
importance of factors and the influence on flexural strength. 
The results of the ANOVA analysis applied to the PLA test 
specimens are listed in Table VI and express the total sum of 
square deviation (SS), total degrees of freedom (DF), the 
variances or square means (MS), F-Value ratio, and P-Value. 
The level of confidence was considered 95% which relates to a 
P-Value smaller or equal to 0.05 to accept or reject the initial 
hypothesis that all means are equal. Consequently, a P-Value of 
0.838 confirms the level of significance of the signal factor 
layer thickness, but the F-Value, which represents a ratio 
between the variance of the category groups related to the 
variance of the entire group suggest more pronounced 
influence of the infill percentage signal factor to the results of 
flexural strength of PLA 3D printed test samples.   

In comparison, the relative influence of factors and 
interactions is determined by the applied ANOVA to the 
flexural strength means of ABS 3D printed samples. The 
results are listed in Table VII. As it can be also seen in Table 
V, in the case of using this raw material, the signal factor layer 
thickness is ranked first. The influence of the factor is also 

highlighted by the corresponding F-Value (7.18) and can be 
observed in a graphical form in Figure 5. However, a less 
significant difference, compared with the PLA ANOVA 
results, between the influences of the factors can be observed.  

TABLE VI.  ANOVA FOR PLA SAMPLES 

Source DF Adj SS Adj MS F-Value P-Value 

Layer thickness 2 0.05082 0.02541 0.19 0.838 
Infill 2 1.22012 0.61006 4.45 0.096 

Residual error 4 0.54861 0.13715 - - 
Total 8 1.81954 - - - 

TABLE VII.  ANOVA FOR ABS SAMPLES 

Source DF Adj SS Adj MS F-Value P-Value 

Layer thickness 2 677.7 338.86 7.18 0.047 
Infill 2 243.9 121.95 2.59 0.190 

Residual error 4 188.7 47.17 - - 
Total 8 1110.3 - - - 

 

 
Fig. 4.  Pareto chart for PLA samples with predictors: Infill and layer 
thikness. 

 
Fig. 5.  Pareto chart for ABS samples with predictors: Infill and layer 
thikness. 

Finally, regarding the initial assumption, all P-Values are 
greater than 0.05 (the initial hypothesis is confirmed and all 
means are equal), beside the one corresponding to the factor 
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layer thickness for ABS samples which reveals that the initial 
hypothesis is rejected, so the means are not equal.  

C. Graphical Analysis  

The graphical representation of the significant factors layer 
thickness and infill percentage is displayed in the interaction 
plot for maximum flexural strength (Figure 6). Data means for 
PLA 3D printed test samples reveal a correlation with the 
ANOVA results and a similarity between the graphs 
concerning factor A is being observed. By comparison, the 
graphical representation of the interaction plot for maximum 
flexural strength for ABS 3D printed test specimens reveals a 
higher level of significance in 0.10mm layer thickness, that can 
be distinguish in Figure 7. As can be seen, for PLA, the signal 
factor B (infill percentage) has a higher influence on the means 
of flexural strength, as for the ABS, the layer thickness (signal 
factor B) is more significant.  

 

 
Fig. 6.  Interaction plot between data means (PLA). 

 
Fig. 7.  Interaction plot between data means (ABS). 

From the main effect plot for S/N ratio in Figures 8 and for 
PLA and ABS 3D printed test specimens respectively, the 
optimum levels of the two main signal factors for each 
response of the part can be obtained intuitively. 

 
Fig. 8.  Main effect plot for S/N ratio (PLA). 

 
Fig. 9.  Main effect plot for S/N ratio (ABS). 

IV. CONCLUSIONS 

In this study, the effect of layer thickness and infill 
percentage on the flexural strength of parts fabricated by FDM 
technology was conducted to compare PLA and ABS, the most 
commonly raw plastic materials used. The parts obtained with 
this technology have a different anisotropic behavior than those 
fabricated by injection [17]. In conclusion, the flexural strain 
results of the test specimens have been analyzed and processed 
with statistical software, performing S/N ratio and ANOVA 
with the aim of obtaining the final significant factors and 
optimal printing parameters. Thus, by processing the results it 
can be observed that layer thickness and infill parentage, as 
process variables, affect differently the performance of PLA 
and ABS printed parts in terms of flexural strength. Infill 
percentage as a signal factor has a greater influence than layer 
thickness regarding the PLA material while layer thickness is 
more significant for the ABS material.   

PLA has a better performance regarding the flexural 
strength (maximum value reached was 122.5125MPa and the 
average value was 107.4643MPa) in comparison with ABS 
(maximum value reached 80.2350MPa and average value was 
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63.7516MPa). For several applications and technical fields the 
use of PLA is constrained by its low thermal resistance, low 
impact resistance, and glass transition temperature (55 and 
60◦C) [1]. So, this study can be taken into consideration when 
choosing the appropriate material and adapting convenient 
printing parameters, but also considering other mechanical 
characteristics for the specific type of application.  

In [4], several different signal factors have been taken into 
account, so flexural strength has a range of values between 
51.31 to 90.13MPa. The result of [1] reveals flexural strength 
with values ranging between 31.1 to 59.1MPa. The difference 
between the values obtained in this article and the values 
obtained in other studies can be explained by signal factors 
such as deposition orientation, deposition style, raster width, 
raster gap as well as using variations of plastic materials. In this 
regard, further studies will be conducted for a better 
understanding of the most significant factors and materials that 
can influence the main mechanical properties.  
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Abstract-Even though the PI controller is among the most 

widespread controllers in photovoltaic (PV) systems, it presents 

overshoots and undershoots in the tracking trajectory mode. This 

major disadvantage remains an open problem. In the current 

paper, a Direct Power Control (DPC) of a three-phase grid-

connected PV system based on a Variable Gain PI (VGPI) 
controller is developed to remove the overshoots and undershoots 

in the classical PI controller. The proposed control system has 

been tested in the Matlab/Simulink environment. The simulation 

results demonstrate the feasibility and robustness of the proposed 
method in terms of overshoots, undershoots, and current quality. 

Keywords-photovolatic system; direct power control; VGPI 
controller; overshoots; undershoots 

I. INTRODUCTION  

The high growth rate of photovoltaic (PV) systems over the 
last several years allows them to play a more important role in 
the future mixed power grid [1]. However, the cost of PV 
systems must be reduced further in order to increase the level 
of their penetration and to make the PV power plant eligible as 
compared to conventional energy [2]. Most PV systems are 
connected to the distribution grid, where the inverter is 

receiving increased interest in order to generate power [3]. 
Many control structures for grid associated PV systems have 
been developed thanks to the advanced development of power 
electronics technology and the digitization of PV systems. 
These control structures have the same goals, but with different 
principles of operation. They can generally be divided into two 
categories, the control loops of powers and currents.  Direct 
Power Control (DPC) is a kind of high-performance control 
structure for grid connected PV systems based on active and 
reactive power similar to the conventional Direct Torque 
Control (DTC) strategy for electrical machines [4]. In the 
classical structure of DPC, a PI controller is used for 
controlling the DC bus voltage. These organs are of general use 
in many applications because they have simple design and easy 
tuning parameters [5]. However, the PI controllers have 
problems in removing the overshoots and undershoot in the 
tracking trajectory of continuous power as it is affected by solar 
radiation. This problem is due to the controller parameters 
which are constant. This is why the idea of designing a variable 
gain regulator has been proposed to overcome this trade off. A 
VGPI controller can be seen as a generalization of a classical 
PI controller with the proportional and integrator gains varying 
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along a tuning curve [6]. Several authors have chosen to solve 
the problem with other methods such as: non-linear approaches 
[7, 8], Fuzzy Logic controllers [9, 10], Artificial Neural 
Networks (ANNs) [11], and metaheuristic optimization [12, 
13]. However, these solutions are complex and not appreciated 
by the industry. In this paper, a VGPI regulator is proposed to 
replace the PI regulator to control the DC bus voltage of the 
grid connected PV inverter. A detailed study of the coordinated 
control between the DPC control and the VGPI controller is 
given. Simulations on a 3.7kW two-stage PV system are 
performed in order to check the effectiveness of the DPC based 
on the proposed topology under several test conditions. 

II. CONTROL STRUCTURE OF TWO-STAGE THREE-PHASE 
GRID-CONNECTED PV SYSTEMS 

A. System Overview 

The proposed conversion system is shown in Figure 1. It 
consists of two stage grid associated PV systems. Two main 
tasks should be achieved by the grid associated PV inverters: 
(1) Maximum Power Point Tracking (MPPT) control to extract 
the maximum power provided by the PV panels and (2) the 
injection of grid current with high power quality. 

 

 
Fig. 1.  Three-phase grid associated PV system with P&O MPPT and DPC 

control based on a VGPI controller. 

 

 
Fig. 2.  Flowchart of the P&O MPPT algorithm. 

B. Boost Converter Controller 

The boost converter controls the maximum power output 
using MPPT control. The MPPT algorithm is implemented in 
the boost converter. Hill-climbing and fractional methods are 
widely adopted in PV systems. Perturb and Observe (P&O) is a 
type of hill-climbing method consisting of a continuous 
reference voltage search process to reach the Maximum Power 
Point (MPP) [14]. The principle of P&O is depicted in the 
flowchart in Figure 2. 

C. Lookup Table Based Direct Power Control 

DPC for grid associated inverters was developed to have 
control on the instantaneous active and reactive power directly 
by selecting the optimum switching state of the converter, 
which was first proposed in [15] and more clearly presented in 
[16]. The main principle of DPC is similar to DTC in motor 
drives [17]. It directly selects the desired voltage vector from a 
predefined switching table, according to the grid voltage 
position (or virtual flux position) and the errors between the 
reference active/reactive power and feedback value. The 
control structure of a typical DPC is represented in Figure 1. 
The switch table is shown in Table I. The power calculation 
block reads as: 

s s sS P jQ= +    (1) 
3 3
( . ) ( . . )

2 2
s s s s s s sV IP v i v iαβ αβ α α β β= = +

    
(2) 

3 3
( ) ( . . )

2 2
ss s s s s sQ V I v i v iαβ αβ β α α β= × = −

    
(3) 

where: 
s s sV v jvαβ α β= + and

s s sI i jiαβ α β= + .  
In order to obtain the position of grid voltage vector, the 

angle of grid voltage can be calculated based on vsα and vsβ as: 

� � ������ 	
��

�

�    (4) 
The switch table is based on the position of the grid voltage 

vector. In order to optimize the performance of the converter, 
the grid voltage can be divided into 12 sectors. The angle of the 
12 sectors can be obtained as:  

( ) ( )2 1 , 1, 2,....,12.
6 6

nn n n
π π

θ− ≤ =≤ −     (5) 

 
Fig. 3.  Plant (α, β) divided in 12 sectors. 
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The power hysteresis controller consists of active power 
and reactive power hysteresis controllers. The input is the error 
between the reference and the real power. The output reflects 
the status of power deviation, which can be expressed as Sp and 
Sq. Sp and Sq only have two statuses, which can be expressed as: 

�� � �0											� � ���� � ��1											� � ���� � ��    (6) 
�� � �0											� � ���� ���1											� � ���� ���    (7) 

where Hp and Hq are the hysteresis bands. 

DPC has been known as a powerful and robust control 
scheme for grid connected inverters, but high-power ripples 
and variable switching frequency are two of the most notable 
drawbacks of the conventional DPC. Furthermore, the required 
sampling frequency is usually very high in order to achieve 
relative satisfactory performance which increases the hardware 
burden and might limit the application of this method. The 
proposed switching table for all sectors is represented in the 
Table I. 

TABLE I.  SECTOR SWITCHING TABLE 

Sp Sq θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 θ9 θ10 θ11 θ12 

1 1 v6 v7 v1 v0 v2 v7 v3 v0 v4 v7 v5 v0 

1 0 v7 v7 v0 v0 v7 v7 v6 v0 v5 v7 v0 v0 

0 1 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 

0 0 v1 v2 v2 v3 v3 v4 v4 v3 v3 v6 v6 v1 

 

III. VGPI CONTROLLER 

To reduce variations and instability in the DC link voltage a 
VGPI controller is proposed for the DC link voltage regulation. 
The error between the voltage of the capacitor Vdc and the 
reference voltage Vdcref are used as an input to the VGPI 
controller and the output is the reference active power Pref. A 
VGPI controller is a most generalized classical PI controller 
[18] with varying gain in time along a polynomial curve. This 
gain attains its final value as the steady state is reached [6]. 
This controller with continually adapted parameters can limit 
overshoot during startups with a rapid load disturbance 
rejection. Figure 4 shows the block diagram of the VG-PI 
controller. 

 

 
Fig. 4.  Block diagram of the VGPI controller. 

The speed VGPI controller delivers at its output the inverter 
current: 

.( ) . ( ).sm p dcref dc i dcref dcI k V V k V V dtω ω= − + −∫     (8) 
kpω, kiω are given by: 

�� � !"��� � ��#$	 %&��
' � ��#								()		� � *+���																																											()		� , *+     (9) 

�# � !�#� 	
%
&��

' 																				()		� � *+�#�																															()		� , *+     (10) 
where kpi and kpf are the initial and final values of the 
proportional gain, and kif is the integrator gain final value. *+  
and n are the saturation time and the polynomial degree. 

Consequently, the reference power quantity is deduced as: 

���� � -+./01    (11) 
A. VGPI Controller Parameter Setting 

The parameters are obtained by the test-error method as 
follows [6,18]: 

• Choose a value �#�  to obtain a rapid load disturbance 
rejection. 

• Set the degree n and the saturation time *+ . 
• Derive the values ��# and ��� so as the smallest overshoot 

and undershoot are obtained. 

• To eliminate completely the overshoot and undershoot, 
increase*+ . If the excess is not eliminated, increase n.  

B. Performance Verification of the VG-PI Control  

The effectiveness of the proposed control has been verified 
on MATLAB/Simulink. The system configuration is shown in 
Figure 1 and the system parameters are given in Table II. 

TABLE II.  PARAMETERS OF THE TWO-STAGE THREE-PHASE GRID-
CONNECTED PV 

PV rated power 3 kW  

Boost converter inductor L = 6 mH 

PV-side capacitor Cpv = 200 µF 

L-filter Lf = 2.5 mH 

Switching frequency Boost converter: fb = 16 kHz, 

DC-link voltage Vdc = 450 V 
Grid nominal voltage (RMS) Vg = 230 V 

Grid nominal frequency ω = 2π×50 rad/s 

 

First, a variable solar irradiance profile as plotted in Figure 
5 has been utilized in the simulation. The solar irradiance level 
starts from 1000W/m

2
, then it decreases to 400W/m

2 
and after 

that it increases to 800W/m2, and finally decreases to 
200W/m2. The PV power amounts attain their optimum 
theoretical values, which are respectively 3.6kW, 1.39kW, and 
0.67kW, within milliseconds despite solar irradiance variations. 
The temperature is kept constant all time and equal to 25°C. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 5.  (a) Solar radiation, (b) current of the PV array, and (c) PV power. 

(a) 

 

(b) 

 

(c) 

 

Fig. 6.  Simulation results of the proposed DPC with PI Controller.  

(a) Grid current and voltage, (b) active power reference and response,  

(c) reactive power reference and response. 

Figures 6 and 7 show the simulation results for systems 
with PI and VGPI controllers. Grid current (is), grid voltage 

(vs), reactive power (Qs), and active power (Ps) are depicted. 
The results show that the current is sinusoidal after the control 
application but with opposition in phase with the corresponding 
voltages. The negative sign of the utility active power (Ps) 
means current injection to the grid or load. The reactive power 
is always zero. Note that the wave chatring of active and 
reactive power is generally acceptable for both regulation 
approaches. Furthermore, a perfect decoupling is observed 
between active and reactive powers. By inspecting Figure 8, 
one can clearly see that the DC voltage perturbations at the 
instants of the power variation are very weak as compared to 
those of the PI regulator. This indicates the robustness of the 
VGPI approach.  

 

(a) 

 

(b) 

 

(c) 

 

Fig. 7.  Simulation results of the proposed DPC with VGPI controller. 

(a) Grid current and voltage, (b) active power reference and response,  
(c) reactive power reference and response. 

Figure 9 shows the behavior of an AC current phase as a 
function of the solar irradiance (1000, 400, 800, 200W/m2). It 
is worth noting that the dc-bus voltage and the instantaneous 
powers present good tracking to their reference values with low 
overshoot, undershoot and Total Harmonic Distortion (THD). 
This is consistent with the information reported in [19-21]. 
Table III summarizes the obtained values of the overshoot and 
undershoot stabilization time along with the THD. From this 
table, one can see that for each considered irradiation, the 
overshoot and undershoot recorded with the use of the VGPI 
regulator are superior than their counterparts if the PI regulator 
is used. Besides, the THD is less than 5% for all irradiation 
values being considered here. Hence, our derived THD is in 
accordance with the IEC 61727 and IEEE 1547 
recommendations respectively. 
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Fig. 8.  DC converter voltage. 

 

Fig. 9.  Grid current and harmonic spectrum with PI and VGPI controllers. 

TABLE III.  COMPARATIVE STUDY 

Irradiation Parameters DPC-PI DPC-VGPI 

1000 W/m
2
 

Overshoot % 4.22 3.4 

Undershoot % 0.82 0.155 

Ts (s) 0.172 0.087 

THD % 1.23 0.84 

400 W/m2 

Overshoot % 0.71 0.06 

Undershoot % 2.866 1.142 

Ts (s) 0.138 0.044 

THD % 2.29 2.07 

800 W/m
2
 

Overshoot % 0.8 0.066 

Undershoot % 0.2 0 

Ts (s) 0.146 0.07 

THD % 1.34 1.09 

200 W/m
2
 

Overshoot % 0.55 0 

Undershoot % 2.577 0.9 

Ts (s) 0.136 0.059 

THD % 4.45 4.28 

 

IV. CONCLUSION 

DPC control based on VGPI controller applied to a grid 
connected PV system has been proposed and discussed in this 
paper. The analysis of the obtained results shows the 
robustness, the effectiveness, and the good performance of the 
proposed VGPI controller based on the DPC strategy. This 
regulator outperforms the PI controller, from the point of view 
of the response time and follow-up of the reference values. 
Finally, as perspectives of this study, further efforts are to be 
carried out to optimize the control system with consideration of 
the shading effect and deep voltages grids. 
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Abstract-Due to the inherent limitations of the Traditional Droop 

Controller (TDC), an enhanced droop controller, known as 
Robust Droop Controller (RDC) has been proposed in previous 

works. However, this controller cannot compensate for the error 

in measured frequency, which can potentially contribute to the 

errors in proper reactive power-sharing as well as degrade 

frequency regulation. This paper introduces an Arctan-Based 

Robust Droop Controller (ABRDC) that modifies the RDC for L-

inverter to address this issue. The controller, rather than utilizing 
a linear function, utilizes an arctan-based function for 

power/frequency droop control. Various simulations were 

performed in Matlab/Simulink to test the performance of the 

proposed ABRDC. The results showed that it successfully reduces 

the frequency error, resulting in improved frequency regulation 

as well as adequate reactive load power-sharing. The 

comparative study showed that the ABRDC scheme is more 
effective than the RDC scheme. 

Keywords-parallel-operated inverters; robust droop control; 

arctan-based function; load power-sharing; frequency and voltage 

regulation 

I. INTRODUCTION  

Economic, environmental, and political concerns have 
increased the attention in Green Energy Generation (GES). The 
Micro-Grid (MG) concept eases the introduction of GES. 
Furthermore, it enhances the reliability of distribution 
networks, minimizes carbon dioxide (CO2) emissions, 
transmission losses, etc.. An MG consists of Distributed 
Generation (DG) sources, storage devices, and loads [1-3]. 
Power inverters are typically utilized as the link for DG 
sources, Green Energy Sources (GESs), and storage devices in 
an MG [4]. They are frequently connected in parallel to 
increase system reliability and performance and provide high 
power at a low cost. A vital challenge for parallel-operated 
inverters in MGs is how to obtain accurate power-sharing 
amongst them while retaining tight regulation of the MG 
frequency and voltage magnitude [5]. Droop control is a 
technique that is often utilized in traditional energy generation 
systems [6-8]. Its benefit is that there is no requirement for an 
external communication system between the inverters [5]. 

When using the Traditional Droop Control (TDC) 
technique, the inverters 

operated in parallel ought to have the same per-unit impedance 
to distribute the load in proportion to their power ratings [9]. 
The droop controllers ought to produce the same voltage set-
point for the inverters as well. In practice, these requirements 
are challenging to satisfy, resulting in proportionate load 
power-sharing errors. For this reason, a new approach called 
Robust Droop Control (RDC) strategy for R-inverters was 
presented [5] for achieving precise load power-sharing without 
fulfilling the above two conditions and reducing the voltage 
drop due to the load droop impact. The method only addressed 
the power-sharing errors caused by the errors in measuring load 
voltages. However, this method uses the linear function on the 
power-frequency droop. The droop based-linear function has a 
common limitation, the associated output range scaling factor 
does not affect system dynamics and steady-state condition 
[10]. If the frequency of the system is calculated using the 
droop controller based on this linear function, then it can 
deviate significantly from the nominal value [10, 11]. This 
results in high frequency errors which can potentially 
contribute to power-sharing errors, thus leading to inaccuracy 
in power-sharing amongst parallel operated-inverters and poor 
frequency regulation.  

This work intends to modify the RDC for the L-inverter. 
Rather than using a linear-based function, it utilizes an arctan 
based function in power/frequency droop. The idea of using an 
arctan-based function for the power-frequency droop profile 
was first presented in [12]. Implementing this arctan-based 
function offers natural frequency bounds, and enhances the 
MG's inverter small-signal stability. Thus, incorporating an 
arctan function into RDC forms a controller that can provide 
accurate load power-sharing while stabilizing the frequency 
and PCC voltage regulations at their reference values in the 
MG of parallel-operated inverters. 

A. Limitations of Traditional Droop Control 

The form of a droop controller can vary depending on the 
inverter’s output impedance [13-15]. In this work, an inverter 
of inductive output impedance is considered. Thus, the 
traditional droop controller is [16]: 

� �� = �� − ����		
� = 
� − ����    (1) 
Corresponding author: Marie Aimée Ineza
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where ��  and ��  are the amount of real and reactive power 
delivered to the bus-bar from each inverter respectively, �� and ��  are the nominal and output frequencies of the xth inverter, 
� is the nominal voltage,	
� is the RMS value of the reference 
voltage of the xth inverter ���� , and �� and �� are the voltage 
and frequency droop coefficients respectively. Figure 1 
illustrates the TDC diagram. 

 

 
Fig. 1.  Traditional droop control diagram. 

When the MG is equipped with the TDC in a steady-state 
condition, the two inverters work at the same frequency, i.e. �� = �� and the relationship in (2) is satisfied. This ensures 
the active power-sharing accuracy for L-inverters [17] (or 
reactive power-sharing accuracy for R- inverters [5]). ���� = ����    (2) 
In addition, the proportional reactive power for the L-

inverters can be achieved when the relationship in (4) is 
satisfied. However, because of the presence of noise, 
disturbances, errors, and line impedance mismatches in the 
MG, the expressions in (3) are practically hard to satisfy [17]. 

�
� = 
�			����� = �����		     (3) 
B. Limitations of Robust Droop Control  

Due to the inherent restrictions when utilizing the TDC for 
the MG-based inverters, the RDC was proposed in [5] to 
improve the accuracy of load power-sharing and voltage 
regulation. As presented in Figure 2, the RDC of the L-inverter 
is:  �� = �� − ����    (4) 
�� = ��
� − �� − ����    (5) 
where � and � are an amplifier and the RMS measured value 
of the output voltage �� . At the steady-state condition, (5) 
becomes: ���� = ��
� − ��    (6) 
As long as � is the same, the right part of (6) is always the 

same for all parallel-operated inverters [4]. Thus: ���� = constant    (7) 
which ensures accurate reactive power-sharing without using 
the same 
�. Therefore, the accuracy of reactive power-sharing 
is no longer dependent on the output impedance of the inverter 
and is also resistant to disturbances and errors [4]. However, 
this method did not compensate for the frequency errors, 
potentially contributing to load-sharing errors and degradation 
of frequency regulation. 

 
Fig. 2.  Robust droop control diagram. 

II. THE PROPOSED DROOP CONTROL STRATEGY 

A. Design of the Proposed Droop Controller 

The proposed Arctan-Based Robust Droop Control 
(ABRDC) strategy adopts the structure of RDC for L-inverter 
[5] and utilizes an arctan-based function in power frequency 
droop control rather than the linear function [18]. This 
controller gains the benefits of the two methods. This means 
that the RDC is responsible for eliminating the effect of line 
impedance mismatches, noise, disturbances, and sharing errors 
caused by the errors in measuring the load voltage, whereas the 
arctan-based droop control is responsible for removing the 
frequency error since a MG-based inverter equipped with 
arctan droop controller provides naturally frequency boundaries 
[10, 12]. As a result, the proposed controller is able to provide 
accurate load power-sharing while ensuring a tight voltage and 
frequency regulation. Therefore, the �/& of the proposed droop 
controller is based on the arctan function, and can be expressed 
as: 

&� = &� − '() ∗ +,-.+/ 012�� − ����34    (8) 
or, as:  

�� = �� − 2-6 ∗ +,-.+/ 012�� − ����34    (9) 
The �/
	 of the proposed droop controller is based on the 

RDC methodology and it can be expressed as: 
�� = ��
� − �� − ����    (10) 
where -6 is the multiplier, 1 is the coefficient, ����  is the actual 
power reference which is always equal to zero in the islanded 
MG, and the other parameters have already been specified. 
Referring to (9) and (10), the proposed droop control diagram 
is illustrated in Figure 3. 

The arctan-based function is inherently constrained in the 

frequency domain from 0&� 7 '(� 4 to 0&� − '(� 4 Hz, which is one 
of the benefits of this method [12]. The multiplier -6 is mostly 
set to be 1 to keep the frequency within the limits of 50±0.5H. 
Additionally, changing the multiplier directly affects the 
frequency variation boundaries due to the arctan function. As 
illustrated in Figure 4, as the arctan bounding multiplier 
increases, the frequency variation increases [19]. Furthermore, 
the coefficient 1  is used to control the concavity (and 
inherently over the gradient). The variation in real power may 
be imposed due to this coefficient, as shown in Figure 5 [19]. 
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Fig. 3.  Proposed droop control diagram. 

 
Fig. 4.  The impact of variation of the arctan bounding multiplier, -6 [19]. 

 
Fig. 5.  The impact of variation of the arctan droop coefficient ρ [19]. 

The output voltage of the xth inverter can be expressed as: 

� = 
� − �89:; 
�    (11) 
which can be kept within the predetermined range through 
selecting a big value of �. The proposed control strategy has 
excellent voltage regulation capability in addition to accurate 
power-sharing and excellent frequency regulation capability. 
Figure 6 presents the schematic diagram of the proposed droop 
controller in MG of one DG unit. Real (P) and reactive (Q) 
power are computed utilizing the dq transformation for the 3ϕ 
current and voltage quantities. Based on the computed power 
flux, the frequency is controlled using the arctan droop control 
algorithm, whereas the voltage is controlled using the RDC. 
The inverter's current and voltage outputs are stabilized 
utilising a cascaded system of the outer voltage and inner 
current control loops [19, 20]. A Proportional Integral (PI) 
controller is deployed to reduce the current error with quicker 
dynamic response and to ensure zero steady-state error [16, 21-
23]. It is also utilized to force the calculated q-axis voltage 
component to be zero and the calculated d-axis voltage 
component to be equal to the reference value [20]. 

B. Performance Comparison Criteria of Droop Control 

Strategies  

1) Power-Sharing Ratio Criterion 

The load power-sharing ratio criterion is generally used to 
compare the capability of different droop control 
methodologies. If the relationship between the power and the 
droop coefficients of any two DGs in (12) is accomplished, 
proportionate power-sharing between parallel-operated 
inverters is acquired. 

>?�?� = @�@� = ⋯ = ?8?8B� = @8B�@8���� = C�C� = ⋯ = �8�8B� = C8B�C8
     (12) 

 

 
Fig. 6.  Schematic diagram of the proposed droop control in one DG unit MG.



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8259-8265 8262 
 

www.etasr.com Ineza et al.: Arctan-Based Robust Droop Control Technique for Accurate Power-Sharing in a Micro-Grid 

 

2) Power-Sharing Ratio Criterion 

Apart from the load power-sharing ratio criterion, the load 
power-sharing error is also used to analyze and evaluate the 
capability of droop control techniques. Low error values 
represent the ability of the control strategy to reduce the load 
power-sharing imbalances between the inverters, while large 
values represent a higher imbalance of load power-sharing 
among the inverters operated in parallel. The real and reactive 
load power-sharing errors are assessed based on (13): 

>D6� = @8∗E@8@8∗ F 100
DI� = C8∗EC8C8∗ F 100    (13) 

where D6�  and DI�  are the active and reactive load power-
sharing errors of the JKL inverter in percentage respectively, ��∗ 
and ��∗  are the active and reactive power supplied by the JKL 
inverter when the active and reactive power-sharing is in exact 
proportion to their ratings, and �� and �� are the measured real 
and reactive power supplied by the JKL inverter. 

III. SIMULATED RESULTS AND DISCUSSION 

A. Simulation Setup 

The performance of the developed droop control strategy is 
evaluated in a MG-based inverter. All models were created 
using the Matlab/Simulink toolbox. Figures 7-8 depict the 
Simulink model of the proposed droop controller in a stand-
alone MG of two parallel-operated inverters and all submodels. 
Table I shows the system parameters used during the 
simulations. Table II summarizes the investigated scenarios. 

TABLE I.  SYSTEM PARAMETERS 

Parameter Value 

Nominal voltage 
M =400 V 
DC bus voltage N' =850 V 

Nominal frequency &� =50 Hz 
Inverter switching time OP	Q�R��S�� =5 KHz 

Load1 �T� = 3eV	Var, �T� = 6eV 	W 
Load2 �T� = 3eV	Var, �T� = 6eV 	W 

Line1 impedance [T� = 0.7	Ω, _T� = 0.005	H 
Line2 impedance [T� = 0.8Ω, _T� = 0.006	H 

Filter 
c�� = c�� = 2.5eEd	F, _�� = _�� = 2eEV	H 

Voltage and frequency droop 

coefficients 

�� = �� = 2.5eEf	V/Var �� = α� = 6.25eEf	rad/SW 
Arctan bounding multiplier -j� = -j� = 1	HZ/W 
Arctan droop coefficient 1� = 1� = 1eEf	rad/S.W. 

Amplifier 	�� = 	�� =2 
Inner loops PI coefficients 

	l6Q = 0.15, 	lQQ = 1.5, 	l6R = 20, 	lQR = 1000. 
TABLE II.  OPERATION SCENARIOS 

Time (s) Operation 

0-6 Two DGs unit powers the load. 

6-12 Load 2 is added to the system 

12-18 Load 2 is removed from the system 

 

B. Frequency and Voltage Stability Analysis 

Figures 9-10 present the frequency and PCC voltage 

stability when the ABRDC technique is adopted. It can be seen 
that the ABRDC can maintain the frequency and output PCC 
voltage during the steady-state condition to their reference 
values of 50HZ and 400V. At the time t=6s, load 2 was added 
to the system and the frequency and output PCC voltage 
dropped from 50 to 49.99HZ and from 400V to 396.10V 
respectively. At t=12s, load 2 was disconnected from the 
system and frequency and PCC voltage were reset to their 
previous values. As observed, the ABRDC technique can retain 
the voltage and frequency at their reference values during the 
steady-state condition. It can also keep the voltage and 
frequency deviations within the allowed range according to 
IEEE1547-2018 standards (the allowable range for frequency 
and voltage variation are ±1% and ±5% of the given reference 
values respectively) when a load change is added to the system. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 7.  SIMULINK submodel of : (a) P&Q calculated, (b) abc to dqo 

transformation, (c) proposed droop controller, (d) cascade control loop. 
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Fig. 8.  SIMULINK model of the proposed droop controller in a stand-alone MG of two parallel-operated inverters. 

 
Fig. 9.  Frequency variation for inverters using the proposed droop 

controller. 

 
Fig. 10.  Voltage regulation at PCC using the proposed droop controller. 

C. Active and Reactive Power-Sharing Analysis 

The load power-sharing capability of the ABRDC in an MG 
of two parallel-operated inverters is also analyzed in this study. 
As depicted in Figures 11-12, during the steady-state condition, 
the active and reactive load powers were correctly shared with 
ratios of α1: α2=P1:P2=3e

3
W:3e

3
W and β1:β2=1:1=Q1:Q2=1.5e

3
 

Var:1.5e3 Var respectively. Load 2 was introduced to the 
system at t=6-12s to verify the controller's performance as the 
load in the MG increases. The inverters kept distributing the 
active and reactive load power in a proportional manner, where 
the ratios were α1:α2=P1:P2=6e

3
W:6e

3
W for the real power and 

β1:β2=1:1=Q1:Q2=3e
3Var:3e3Var for the reactive power. At 

t=12-18s, load 2 was disconnected from the system, the active 
and reactive power were also appropriately distributed, and the 
ratios were α1:α2=1:1=P1:P2=3e

3
W:3e

3
W and β1:β2=1:1 

=Q1:Q2=1.5e
3
Var:1.5e

3
Var respectively. As seen, the ABRDC 

technique satisfies the conditions of the load power-sharing in 
all scenarios, thus it ensures accurate power-sharing. 
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Fig. 11.  The real power-sharing amongst two inverters operated in parallel 

utilizing the proposed controller. 

 
Fig. 12.  The reactive power-sharing amongst two inverters operated in 

parallel utilizing the proposed controller. 

D. Comparative Study Analysis between the Proposed and 

Robust Droop Control Techniques 

To validate the proposed droop control methodology, 
comparative analysis of the ABRDC and RDC methodologies 
based on the frequency variation for the inverter, voltage 
regulation at PCC, and the active and reactive load power-
sharing amongst the inverters operating in parallel was 
performed. The frequency variation comparison of the two 
controllers is presented in Figure 13. As seen, during the 
steady-state condition at t=0-6s, the ABRDC technique can 
retain the frequency at the reference value of 50HZ, whereas it 
drops to 49.81HZ for the RDC. In Figure 14, the voltage 
regulation at PCC when utilising ABRDC and RDC techniques 
is compared. Both ABRDC and RDC techniques could regulate 
the output voltage at PCC to the reference value of 400V. At 
t=6-12s, load 2 was added to the system. The frequency 
decreases from 50 to 49.99HZ for ABRDC and from 49.81 to 
49.63HZ for RDC. The output voltage at PCC drops to 396.1V 
for both ABRDC and RDC techniques. When the load 2 is 
removed from the system, the frequency is restored to 50HZ 
for the ABRDC technique, while for the RDC technique it was 
reset to its previous value. Again, the output voltage at PCC 
was also restored to its reference value for both ABRDC and 
RDC techniques. In brief, the ABRDC provides better 
frequency and voltage regulation of 0.02% and 0.45%, 
respectively, whereas RDC has 0.36% and 0.45% respectively. 
As demonstrated, the ABRDC technique reduced successfully 
the frequency error, leading to improved reactive load power-
sharing. 

The active power-sharing comparison between ABRDC 
and RDC is presented in Figure 15. It is noted that for all 
techniques, the real power-sharing ratio is P1:P2=1:1, which 
means each inverter delivers 50% of the total real power of the 
load in both cases. The reactive power-sharing comparison is 
seen in Figure 16. The reactive load power-sharing when 
utilizing the ABRDC technique is enhanced, where VSI1 

supplied 49.98%, and VSI2 delivered 49.98% of the total 
reactive power of the load, whereas adopting RDC technique it 
is 52.48% and 47.52%. This enhancement in reactive load 

power-sharing when utilizing the proposed controller is due to 
its capability to reduce the system's frequency error. 

 

 
Fig. 13.  Comparative analysis of the frequency variation for ABRDC and 

RDC techniques. 

 
Fig. 14.  Comparative analysis of the voltage regulation at PCC using 

ABRDC and RDC techniques. 

 
Fig. 15.  Comparative analysis of the real power-sharing using ABRDC and 

RDC techniques. 

 
Fig. 16.  Comparative analysis of the reactive power-sharing using ABRDC 

and RDC techniques. 

TABLE III.  POWER ERRORS 

 
Active and reactive load power-

sharing errors 

Control strategy D@��%� D@��%� DC��%� DC��%� 
ABRDC 0.04 0.09 0.64 0.76 

RDC 0.05 0.10 -2.51 4.12 

 

Based on the power-sharing error criterion, a comparative 
study was performed to assess and analyze the capability and 
effectiveness of the proposed ABRDC and the RDC. It is noted 
that the proposed droop controller minimizes power-sharing 
errors when compared to the RDC, resulting in improved 
power-sharing. Table III presents the active and reactive load 
power-sharing errors for the two strategies. 
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IV. CONCLUSION 

This paper proposes the arctan-based robust droop 
controller (ABRDC) to provide tight frequency and voltage 
regulations as well as accurate load power-sharing amongst 
inverters operated in parallel. The proposed controller modifies 
the structure of the RDC for L-inverters. Rather than using a 
linear function, it utilizes an arctan based function in 
power/frequency droop control. This means that the proposed 
controller gains the benefits of both controllers. The RDC is 
responsible for mitigating the impact of line impedance 
mismatches and for reducing the power-sharing errors due to 
the errors in the measured load voltage. At the same time, the 
arctan-based function is responsible for minimizing the 
frequency errors when the load change occurs in the MG. 
Through various simulations, results showed that the developed 
droop controller provides accurate load power-sharing while 
stabilizing the frequency and PCC voltage at the reference 
values. Furthermore, a comparative study demonstrated that the 
proposed droop control has more capability and effectiveness 
than the RDC strategy. 
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Abstract-Automatic license plate recognition has become a 

significant tool as a result of the development of smart cities. 

During the experiment studied in the current paper, 50 images 

were used to detect Saudi car plates. After the preprocessing 
stage, the canny edge method to detect the car edges and different 

threshold techniques were used to reduce noise. Horizontal 

projection was applied in the segmentation process to split the 

plate. After that, a masking technique was utilized to locate and 

separate the region of interest in the image. OCR was applied to 

the processed images to read the characters and numbers in 

English and Arabic separately. Then, combining the English and 
Arabic text, after using the re-shaper for the Arabic letters. 

Finally, rendering of the results of text on images down the plate 

regions took place. The canny algorithm with projection 

technique with a proper preprocessing for images produces 

results with accuracy of 92.4% and 96% for Arabic and English 
language respectively.  

Keywords-computer vision; edge detection; segmentation; OCR; 

license plates; recognition system 

I. INTRODUCTION  

Traffic regulation and traffic violations are major issues. 
The flow of traffic is regulated by a network of cameras placed 
across the streets. Since these cameras capture immediate 
images of cars, sophisticated software is required to recognize 
vehicles license plates [1]. In order to automatically record and 
recognize license plates, License Plate Recognition (LPR) or 
Automatic Number Plate Recognition (ANPR) are extensively 
employed in entrance/exits, parking lots, road traffic, security 
control of restricted areas, and traffic surveillance [2]. Many 
image processing applications have become more reliable and 
effective as a result of the usage of computer image processing. 
One of them is ANPR. Several recent studies detected vehicle's 
plates by applying different computer vision techniques. 
Authors in [3] proposed a new security system to trace stolen 

vehicles by capturing the plate numbers. They used canny edge 
detection to detect the plate and applied the Multi-Layer 
Perceptron Artificial Neural Network model. The result was 
displayed as text. Their proposed model achieved 97.8% 
accuracy in detecting multi-style Arabic characters. Authors in 
[4] proposed an identification system based on vehicle license 
and number plate recognition. The system's LNPR software 
employs a series of image processing algorithms to recognize 
number plates and identifies the vehicle from a database. The 
median filter was employed to minimize the image's visual 
noise. Authors in [5] provided a Sobel edge detection technique 
and morphological operation for ANPR. The bounding box 
method was utilized to segment the numbers and letters on the 
plate. To distinguish numbers and characters after 
segmentation, a template matching technique was employed. 
Authors in [6] introduced the ISeeCarRecognizer, an 
automated recognition system for reading Vietnamese 
registration numbers using boundary line-based technique 
integrating the Hough transform and the Contour algorithm in 
the VLP detection module. For segmentation, horizontal and 
vertical projections were used to separate plate numbers. 
Finally, an Optical Character Recognition (OCR) module based 
on a Hidden Markov Model detects the plate number. Authors 
in [7] cropped 9021 License Plate (LP) images of 5 different 
countries. Image segmentation was used with a CNN to detect 
the language and the country of the LP with 99.5% accuracy. 
The Secondary Positioning (SP) model was utilized in [8]. A 
plate number localization technique was presented and 
evaluated using locally obtained data. The position of a plate 
number was determined by scanning the red light areas in HSV 
color space, and the plate number was localized by determining 
the plate number's vertical edge. A correction coefficient was 
generated between the templates and the testing pictures and 
template matching was used to recognize individual characters 
with a precision of about 75% and 70%. 

Corresponding author: Manal Alghamdi



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8266-8272 8267 
 

www.etasr.com Antar et al.: Automatic Number Plate Recognition of Saudi License Car Plates 

 

Italian-style automobile registration plate recognition was 
conducted in [9]. To determine the plate and character 
locations, images were acquired from a toll gate camera and 
were preprocessed via a quick and robust 1-D DFT method. A 
multilayer neural network using the recently presented BRLS 
learning method was used to classify characters. Authors in 
[10] designed a smart system for recognizing license plates, by 
applying canny edge detection to identify the LP location. The 
images were collected locally with a camera and the output was 
segmented into numbers and letters by the binary K-means 
algorithm, with 90% accuracy for English LP recognition. 
Authors in [11] proposed an automatic Iraqi car LP 
identification model by utilizing OCR. The model can extract 
the plates' features by dividing the numbers and words into 
sub-images and achieved 86.6% accuracy. Authors in [12] 
proposed an improved automatic LP recognition system, in 
which 500 Jordanian vehicle images were processed. In the 
detection stage, histogram vertical-edge analysis and potential 
region size estimation were performed. During the 
segmentation, the mismatched license plate images were de-
rotated and the feature extraction results of the plate's letters 
reached 91.5% accuracy. 

The purpose of this paper is to collect a dataset of cars in 
the Kingdom of Saudi Arabia (KSA) and to perform 
recognition of Saudi car plates with the use of edge detection, 
segmentation, and contouring techniques. In addition, a 
preprocessing technique of the collected images is utilized. 
After that, OCR is utilized to extract letters and numbers from 
the processed images. The proposed approach aims to detect 
different car plate shapes and recognize the plate in both Arabic 
and English texts. 

II. METHODOLOGY  

The basic tasks of the LPR system are to find the LP and to 
recognize the LP characters. Number plate identification 
algorithms are classified into many categories depending on the 
different methodologies they use [13]. The following variables 
should be considered while detecting vehicle number plates: 

• The size of the car plate may vary in size from one image to 
another. 

• The location of the plate on the vehicle. 

• The background color of a plate might vary depending on 
the vehicle. 

• A plate might have a screw or motto or symbol, which 
could be regarded as a character. 

The flowchart of the proposed system is shown in Figure 1. 
The following methodologies were used in LPR. 

A. License Plate Extraction  

The image processing stage is important for the 
enhancement of images [14]. Resizing, scaling, and rotation 
were performed on the images. The input images were 
converted to grayscale, the RGB values were transformed from 
24-bit onto 8-bit gray level values by adding or removing the 
alpha channel. The brightness of a grayscale picture pixel value 
varies from 0 to 255 [14]. Moreover, to create a smoother 

image, the interpolation method was used in image processing. 
In picture interpolation, the rule is to utilize a source image as a 
reference to create a new or interpolated/scaled image [15]. The 
size of the produced image is determined by the specified 
interpolation proportion. When we execute the interpolation, 
we produce empty areas in the original image and fill them 
with the proper pixel values. As a result, the interpolation 
processes provide varied outcomes. We used the nearest 
neighbor approach to replace empty areas with the next nearby 
image pixels.  

 

 
Fig. 1.  Recognition system flowchart. 

Filters are primarily used to reduce the high frequencies 
within a picture [16]. The bilateral filter technique is used to 
preserve the edges of images. The basic idea is to include a 
photometric weight into a regular Gaussian filter. This weight 
has the effect of canceling the spatial connections between 
pixels with significant intensity differences. Suppose a 
photometric weight wp is incorporated as a factor of the spatial 
weight wi. The bilateral filter produces the picture F from the 
source image E as follows: 

���� � 	 ∑ �	
�||����
�����������������∈��∑ �	
�||�����������������∈��     (1) 

where Im represents a square window [-m,m] × [-m,m], wi is a 
decreasing symmetrical function of the distance kt from the 
center of Im, and wp is decreasing the intensity of the function. 

The edge information of an image explains the target 
boundaries, the location inside the region of interest [17], and 
other significant details [18]. First derivatives, such as Sobel, 
are used to detect the gradient by calculating the minimum and 
maximum in the first derivative input images [19], which are 
very sharp edges [20]. The canny edge, which is utilized in the 
experiment, is a multi-stage process used in edge detection. It 
has minimum error rate and reduces noise [22]. The algorithm 
involves the following steps: 

• Converting the original image to grayscale. 

• Applying Gaussian blurring to remove high-frequency 
noise that may be detected as false edges. 
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• Compute the gradients along the x and y axes (Gx1,Gy) 
independently. 

• The final gradient over the whole image can be computed 
using the follow equation [20]: 

���� + ���    (2) 
where the Gx and Gy are the mask values of the operator [21] 
as shown in Table I.  

TABLE I. MAX VALUES OF GX AND GY 

Mask Values of Gx Mask Values of Gy 

�−! " !−# " #−! " !$ � ! # !" " "−! −# −!$ 
 

• Non-maximum suppression is conducted, where only pixels 
that constitute a local maximum in their neighborhood are 
considered, and the other pixels are set to zero. This results 
in a binarized image. 

• Hysteresis thresholding follows, where the two threshold 
values are high and low threshold. All pixels with intensity 
values higher than the high threshold are picked as strong 
edges, and all intensity values lower than the low threshold 
are discarded. Pixels with values between the two 
thresholds are only picked if they are connected to a strong 
edge. 

In practice, the picture's edges represent a small portion of 
the image information. In photos with less edge information, 
the mean gradient magnitude and standard deviation of most of 
the pixels are placed in a limited range [23]. Because the 
gradient magnitude distribution of those non-edge pixels is 
concentrated, a good threshold can help pick edge pixels out. 
Equation (3) is the threshold selection approach for photos with 
little edge information [24]: 

%& � %'	/2    (3) 
where TI and Th represent the low and the high threshold 
respectively [23]. 

After that, contours were used to detect lines and polygons. 
We utilized a contour with 4 points like the plates' shape, to 
find the shape from the edge information. 

B. License Plate Recognition 

After extracting the plate, the projection profile is generated 
independently for each axis. The projection profile approach is 
primarily used for text object segmentation within the text [25]. 
The horizontal projection feature is the picture's projection 
profile along the horizontal axis. For each row, the horizontal 
projection profile is determined as the sum of all column pixel 
values within the row [25]. To turn printed words of the 
preprocessed images into editable text, the OCR technology is 
used. Image preprocessing and segmentation processes can 
have an impact on OCR accuracy [25]. Character recognition 
necessitates the matching of the resulting binary format with 
the existing template. A matching track-sector matrix must be 
produced, defining the number of pixels in each region and the 
matrix's center [27], by calculating the radius via distance 

equations to identify the pixel with the greatest distance from 
the center as in (4): 

* � +
�,� − ,-�� + ��� − �-���    (4) 
The size of each track matrix is identified via calculating 

number of 1’s in each intersection of sector and track [27]. 

C. Evaluation Mertrics 

The evaluation metrics that were employed in this study to 
evaluate the performance are precision, recall, F1-score, and 
Mean Average Precision (MAP) to measure the detector 
performance for English and Arabic text separately. When the 
costs of False Positives (FP) are substantial, Precision is a 
suitable metric to use [29]. Precision is defined as:  

./0123245 � 67
67�87    (5) 

When there is a large cost related to False Negatives (FN), 
the Recall measure is used to identify the optimum model, and 
it's calculated as: 

901:;; � 67
6<=>	?@A=> 	7<BCCDEB    (6) 

For instance, a correct plate number (Actual Positive) 
passes the test but is predicted to be incorrect (i.e. FN). If the 
car was stolen, the cost of FN will be exceedingly significant.  

F1 is a function of Precision and Recall and is calculated as 
in (7). Whenever we want to strike a balance among Precision 
and Recall, the F1-score achieve this balance. 

�1 � 2	x	 7HE@CBC<I	�	JE@=>>7HE@CBC<I�JE@=>>     (7) 
Accuracy is the simplest basic performance metric, which is 

just a ratio of accurately outcome expectations to the total 
number of samples, and is calculated by:  

K11L/:1, � 67�6M
67�87�6M�8M	    (8) 

III. EXPERIMENTS  

This section contains a summary of the obtained data as 
well as information about Saudi traffic laws and the automobile 
LP system. Furthermore, the framework configuration is 
described in depth.  

D. Dataset 

The dataset contains 50 images of various parked cars. An 
iPhone 12 Pro Max camera was used to capture the images, 
which has a resolution of 1284×2778 pixels. The pictures were 
taken from different positions (front and back), different 
angles, various time intervals, and different light conditions. In 
addition, these images were captured inside/outside the parking 
as shown in Figure 2, representing a sample of the collected 
dataset. The Saudi car plates have two sizes (w×h), namely 
30cm×16cm and 53cm×14cm. Also, the LPs combine Arabic 
and English characters and numbers. The top part of the plate 
contains the Arabic language (the top right has 3 Arabic 
characters and the top left has 4 Arabic numbers), whereas the 
bottom part contains 3 English characters at the right and 4 
numbers at the left as shown in Figure 3.  
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Fig. 2.  Dataset images that were collected during (a) the morning, (b) the 
afternoon, and (c) the night periods, and (d) various tilt angles. 

Additionally, Saudi Arabia doesn't support all Arabic letters 
for security purposes. For example, there are two similar 
letters, غ and ع. Some criminals may take advantage of these 
and just remove the color from the dot and change the plate. 
Another reason is the need to match the number of Arabic 
letters with the number of English letters. Figure 4 depicts the 
Arabic and English characters that are used in Saudi plates. 

 

 
Fig. 3.  Some Saudi license plates. 

 
Fig. 4.  Approved letters in the Saudi license plates. 

E. Experimental Setup 

The experiment was conducted on the Jupyter program 
[28]. Jupyter Notebook is an open-source software that allows 

collaborative data science, used to organize, and execute 
models, which were written in Python. The specification of the 
device on which these programs are installed is Windows 10 
Operating System on an Intel Core (TM) i7-1065G7 CPU 
1.50GHz with 16GB RAM to test the algorithm's effectiveness. 

F. Plate Detection and Localization 

To detect the plate location, proper scaling of images that 
helps reduce the number of pixels in the photos is performed. 
Figure 5 depicts different interpolation methods for resizing. 
The Interpolation Nearest method was chosen. 

 

 
Fig. 5.  Different interpolation techniques. 

After that, the images were convolved using Gaussian blur 
to remove the high frequencies with a kernel size of 5×5. A 
bilateral filter technique transforms a filter into a bilateral 
picture. The intensity, noise and smoothing values were set to 
60, 80, and 30 respectively, and the output is shown in Figure 
6. The parameters for intensity, noise and smoothing should be 
set very high because when using a small value, the other 
details appear. 

 

 
 

Fig. 6.  The output of the bilateral filter. 

In canny detection, the parameter was set very low in order 
to not detect other areas like floor and car details, so 20 was 
chosen for all images as shown in Figure 7. We can observe 
that other details are shown (Figure 8) if we set the parameter 
too high. Morphological Gradient was performed to find the 
outline of an object as shown in Figure 9. Moreover, the 
contours were used to detect within lines and polygons. We 
used contours with 4 points like the plates' shape. In addition, 
we utilized masking to separate the remaining edges to transfer 
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the pattern. The plate should generate a blank mask. The final 
image is presented in Figure 10. Some of the images in the 
contouring process could not detect the complete plate, but 
only a part of it due to lighting, angles and texturing conditions. 
Figure 11 shows the result of the detected plate. 

 

 
Fig. 7.  Canny detector with low parameter value. 

 
Fig. 8.  Canny detector with high parameter value. 

 
Fig. 9.  The output of the morphological gradient. 

 
Fig. 10.  Detecting the care plate. 

 
Fig. 11.  Displaced detection cases. 

G. Plate Number Recognition  

Before placing the images into the OCR model as inputs, 
the plate needs to be divided into rows, so horizontal projection 
is performed. Figure 12 shows the result of the projection on 
the plate. 

 

 
Fig. 12.  Horizontal projection. 

Figure 13 represents the supervised segmentation by 
thresholding with different threshold values over the plate. The 
threshold value 3 was chosen since it does not show the nails. 
After the processing and noise reducing, the images are ready 
to be inserted into the OCR reader without training. We utilized 
the engine mode (–oem) of the OCR model. For the Arabic 
language, a re-shaper is needed to show the letter correctly 
when rendering text on the images. The final render result is 
shown in Figure 14. 

 

 
Fig. 13.  Various threshold values on processed plates. 
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Fig. 14.  Rendering text result on the original image. 

H. Comparison with Related Works 

According to the conducted review, some researchers used 
techniques like Artificial Neural Networks (ANN) and 
Machine Learning (ML) for the purpose of reading the 
characters and numbers in various languages. The findings are 
shown in a detailed comparison in Table II, whereas the 
authors in [3] achieved a high accuracy ratio for Arabic plates 
with the use of the Multi-Layer Perceptron (MLP) approach. 

TABLE II. RESULT COMPARISON 

Reference Techniques used Dataset Result 

[3] Canny edge detection with MLP Arabic 97.8% 

[8] ANN English 75% 

[10] Canny edge. K-means algorithm English 90% 

[9] Multilayer ANN English 90% 

[17] 
YOLOv2 detector with ResNet5 

to detect LPs only 
5 languages 99.5% 

 

Table III depicts the comparison of the results regarding 
plates in Arabic. Authors in [12] achieved 91.5% accuracy but 
our model obtained 92.4% on our collected dataset. Regarding 
LPs in English, Table IV compares the results of similar works 
with our proposed method. Our proposed method (consisting of 
the canny method, along with a projection approach and with 
the suitable image processing techniques that we applied), 
outperforms the others by achieving 96% accuracy. Figures 15 
and 16 exhibit the average Precision result for LPs in English 
and Arabic respectively. 

TABLE III. ARABIC LP RECOGNITION RESULT COMPARISON 

Reference Techniques used Dataset Result 

[4] 
OCR - by comparing with the 

records on a database 
Iranian - 

[11] OCR Arabic 86.6% 

[12] 
Canny edge detection & Sobel 

edge detection 
Arabic 91.5%. 

Current study 
Canny edge detection with 
horizontal projection - OCR 

Arabic 92.4% 

 

TABLE IV. ENGLISH LP RECOGNITION RESULT COMPARISON 

Reference Techniques used Dataset Result 

[5] 
Sobel edge. Morphological 

operation 
English - 

[6] 
Boundary line-based technique. 

Contour algorithm. OCR 
English 92.85% 

Current study 
Canny edge detection with 
horizontal projection - OCR 

English 96.0% 

 

 
Fig. 15.  Average Precision for English LPs. 

 
Fig. 16.  Average Precision for Arabic LPs.  

IV. CONCLUSION 

In the current paper, after the preprocessing stages, the 
canny edge approach was used to detect the plate edges, and 
multiple threshold strategies were employed to minimize the 
image noise. The plate was divided into rows using vertical 
projection during the segmentation process. After that, the 
masking technique was used to find and divide the image's 
regions of interest. The letters and numerals in English and 
Arabic are read individually using OCR on the processed 
pictures. Then, the re-shaper for the Arabic characters was 
used, combining English and Arabic text. Finally, the effects of 
the text on images were rendered along with the plate areas. 
The canny method, along with a projection approach and 
suitable picture preparation, results in an accuracy of 92.4% for 
Arabic and 96% for English texts on LPs. 

Future work will concern training the model in various 
conditions to increase the obtained accuracy results and 
increasing the dataset size. Also, the model could be developed 
to recognize all types of cars' plates by using different digital 
cameras to get good results. In addition, training the model 
with natural language processing on the Arabic letters to 
increase the speed of operation in real-time applications will be 
considered. 
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Abstract-Human-wildlife conflict (HWC) is an important 
challenge to communities living in areas bordering wildlife game 

parks and reserves. It is more evident in the United Republic of 

Tanzania, whose economy depends on wildlife tourism. This 

paper proposes a low-cost and low-power early warning system 

using the Internet of Things (IoT) and Short Message Service 

(SMS) to support HWC respond teams in mitigating these 

challenges. The system comprises three primary units: sensing, 
processing, and alerting. The sensing unit consists of a Passive 

Infrared (PIR) sensor, a Global Positioning System (GPS), and a 

Raspberry Pi camera. The PIR sensor detects the proximity of 

the animal using the heat signature, GPS senses and records the 

current location, while the Raspberry Pi camera has the primary 

purpose of taking a picture after the PIR sensor detects the 

proximity of the animal. The processing unit with a Raspberry 
microcomputer performs data processing and image inferencing 

using the You Only Look Once (YOLO) algorithm. Last is the 

alerting unit, which includes a Global System for Mobile (GSM) 

communications module for sending SMS messages to the 

human-wildlife conflict response team and the nearer community 

response team leader whenever wild animals are spotted near the 
park’s border. The system detects, identifies, and reports the 

detected wild animals. The GPRS provides internet connectivity 

to support data collection, storage, and monitoring in the cloud. 

Keywords-camera trap; edge machine learning; Raspberry Pi; 

human-wildlife conflict; early warning system  

I. INTRODUCTION  

Human-wildlife conflict (HWC) is an interaction between 
humans and wild animals with negative consequences. The 
typical results of the conflicts include crop damage, and 

injuries or deaths of livestock, humans, and endangered 
wildlife species [1]. HWC is caused primarily by the human 
population increase, which causes loss of wildlife habitats due 
to the pressure to increase agricultural land [2]. HWC is a 
serious issue in Tanzania and has been rising over the years. 
The HWC data in Tanzania from the wildlife division have 
shown a rising trend, as shown in Table I.  

TABLE I.  HWC STATISTICS IN TANZANIA [22] 

Year Deaths 
Permanent 

injuries 

Temporary 

injuries 

Licestock 

deaths 

Crop damage 

(acres) 

2012-13 69 23 38 46 1518 

2013-14 61 31 49 93 4046 

2014-15 59 20 41 107 6786 

2015-16 102 20 78 64 8924 

2016-17 132 30 54 130 4567 

2017-18 380 20 29 149 5016 

2018-19 266 60 149 203 10547 

Total 1069 204 438 792 41404 
 

Like most economies in Sub-Saharan Africa, the Tanzanian 
economy majorly relies on agriculture and wildlife tourism, 
which contribute to the GDP about 30% and 17% percent. 
Moreover, tourism is the main contributor of foreign currency, 
therefore, it is an important sector of the economy [3]. The 
government of the United Republic of Tanzania has adopted 
some strategies to mitigate HWC by getting real-time 
information about HWC. For example, collaring utilizes the 
IoT to geo-fence movement of large body species, such as 
elephants, known for causing HWC or endangered species 
being poached. Another method is using hotline numbers to 
report HWC incidences. These methods have significantly 
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improved the efficiency in handling HWC. However, 
continuous monitoring of wildlife using collaring has been 
proven to be expensive to install and operate due to its 
networking requirements and the equipment’s initial cost, 
especially in remote areas with poor network coverage and low 
population density [4], while a hotline system utilizes a reactive 
approach, hence there is a need for a cheaper and proactive 
approach. Therefore, a low-cost camera trap was developed. 
Camera traps have gained popularity in wildlife monitoring and 
surveys because of their efficiency in collecting wildlife images 
without monitoring [5, 6]. They need slight improvements, 
such as the ability to use microcomputers which support 
machine learning algorithms to support early warning systems. 
The phone use has become essential, even for for pastoral 
communities, therefore such a system could be used by the 
locals [7]. 

Different researches have tried to come with different early 
warning systems. Authors in [8] developed an early warning 
system using motion detectors and passive infrared sensors to 
detect wildlife and notify residents through loudspeakers and 
mobile apps. However, the system is not suitable for the 
human-wildlife response teams in Tanzania who need wildlife 
identification to determine the method of responding. Authors 
in [9] developed a camera trap system that used a PC for image 
inferencing. However, it needs bandwidth to transmit a lot of 
data between the end node device and the PC, hence it requires 
more power to perform inferencing. Authors in [10] developed 
a machine learning model that accurately identified elephants 
with accuracy up to 94%. The system used a convolution 
neural network to develop its model. Authors in [11] developed 
a seismic sensor system as an early warning system to detect 
and report elephants. 

II. MATERIALS AND METHODS 

A. Case Study 

The studied area was the Ngorongoro conservation area and 
the Tarangire national park. These parks were chosen because 
they receive significant complaints concerning HWC.  

B. Data Collection 

The equired images to develop the machine learning model 
were collected by taking pictures in the parks, while other 
photos were borrowed from the Tarangire national park 
authorities. Three hundred images of each species were 
gathered. All the images were preprocessed by labelling, 
rescaling, and augmenting. Each image was labelled 
correspondingly to the 6 classes of considered animals: 
elephant, lion, leopard, zebra, buffalo, and rhino and their 
localization in the image.  

C. Image Preprocessing 

The images were scaled to 214×214 before being fed to the 
model. Augmentation is a technique used to generate new 
images by a random transformation of existing data. It 
decreases the chances of overfitting. Augmentation can 
increase data up to 50 times. 

D. Deep Learning 

Computer vision is an important field of study in artificial 

intelligence that enables computers to detect and identify 
objects. Object detection methods are usually three-stage 
processes: proposed region selection in the image using 
bounding boxes, feature extraction, and then the trained 
classifier is used to perform classification. The basic 
approaches to machine learning in images are traditional 
machine learning and deep learning. Deep learning has better 
performance than machine learning when a lot of data and 
many parameters are involved. A Convolutional Neural 
Network (CNN) is a powerful data mining algorithm used in 
deep learning classification problems because it has higher 
accuracy with large datasets [12]. Object detection in CNN is 
divided into region-based detection and regression object 
detection methods. Region-based detection algorithms perform 
better in object detection accuracy, but have slow operation. 
These algorithms are Region-based Convolutional Neural 
Network (RCNN), Fast Region-based Convolutional Neural 
Network (fast RCNN), and Faster Region-based Convolutional 
Neural Network (faster RCNN). On the other hand, the 
regression object detection methods generate a region proposal 
network and then classify the region simultaneously producing 
results faster than the region-based detection. These methods 
are Single-Shot Detectors (SSD) and You Only Look Once 
(YOLO). The YOLO [13] algorithm is faster than SSD in 
object detection. Moreover, it can detect small objects 
accurately, it is therefore suitable to our scenarios due to the 
microcomputer usage in which the results are required 
promptly to reduce the power consumption of the camera trap. 

E. Proposed Model 

The YOLO detector usually divides the image into grids 
and then performs prediction to get the location of the object. 
The next step is intersection-over-union to predict the bounding 
box to find the truth box. Finally, the bounding box’s threshold 
is determined to obtain the final results. The architecture used 
is darknet-53. The training was done using a batch size of 512, 
ReLU activation, and 40 epochs. The size of the input image is 
214×214×3 pixels and after 3 pooling and 6 convolutions, the 
size is shrunk to 21×21×128 pixels for the output feature maps. 
Further convolutions produce a 1×1×4096 neuron [14]. The 
proposed model achieved training accuracy of 90% and 
validation accuracy of 78%, as shown in Figures 1-2.  

F. The TinyML Model 

The collected images were converted into a matrix in the 
edge impulse Graphical Processing Unit (GPU) server. All 
photos were annotated with their respective labels. Label 
mapping was done to detect an object from the annotated 
images. The label mapping was transformed to the TensorFlow 
file format of the trained model to produce an interface graph 
that would classify pictures. The graph was converted into a 
TensorFlow lite file that the Python program would infer from 
when detecting objects in the images [15]. 

G. System Architecture and Design 

The system architecture has 3 major units: sensing, 
processing, and alerting. The system block diagram is shown in 
Figure 3. 

1) Sensing Unit 
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The main sensing unit consists of a Passive Infrared (PIR) 
sensor, a Raspberry Pi camera, and a GPS module. The PIR 
sensor is used to detect the presence of wildlife in its proximity 
using its heat signatures [16] to perform its role, therefore it can 
work under all light conditions [17]. The Raspberry Pi camera 
[18] is used to take the picture after its activation following the 
presence of wildlife. The GPS module is used to accurately 
determine the device’s current location using GPS coordinates 
[19].  

 

 
Fig. 1.  Taining and validation accuracy. 

 
Fig. 2.  Training and validation loss. 

 
Fig. 3.  System block diagram. 

2) The Processing Unit 

A Raspberry Pi equipped with the YOLO model was used 
to analyze the image taken by the camera and to detect and 
identify wildlife. The Raspberry Pi used is a low-power 
consuming microcontroller [20]. The reason for choosing the 
Raspberry Pi was its low power consumption for its reasonable 
processing speed.  

3) Alerting 

After wildlife classification and identification, SMS 
messages were sent containing the google map location link of 
the wildlife along with the name of the animal to the relevant 
personnel. The link is used to visualize the location of the 
wildlife identified [21]. 

H. System Configuration 

The system components were configured to the Raspberry 
Pi development board. All the components were connected to 
the Raspberry Pi. 

I. Programming Tools 

The system was developed in Python to control all sensing 
units and the alerting unit. The processing unit processes data 
using the YOLO model packaged into the TensorFlow lite file. 
After object detection and identification, the alerting unit sends 
the data to the intended destination. Figure 4 shows the 
flowchart of the steps of the proposed model. 

 

 
Fig. 4.  System flowchart. 

J. Testing  

1) Model testing 

The YOLO model was tested using the park data and 
achieved 98% detection accuracy as shown in Table II. 
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TABLE II.  MODEL TESTING CONFUSION MATRIX RESULT TABLE 

 

2) System Testing 

The system testing was done in the lab. The system was 
tested by directing the camera to a picture of a wild animal on 
the screen and then swapping it with different pictures of 
objects and animals. The system identified the animals and 
uploaded data to the cloud. 

III. RESULTS AND DISCUSSION 

The results presented here show the work from testing the 
camera trap. The camera was developed using a Raspberry Pi 
microcomputer, a PIR sensor, a GPS module, a Raspberry Pi 
camera, and a GSM module. The prototype of the system is 
shown in Figure 5. The sensing units include the PIR sensor 
that activates the camera when it detects the proximity of an 
animal from its heat signature. After the picture is taken, the 
image is sent to the model packaged into the TensorFlow file to 
perform inference to detect and identify the animal in the 
picture. If the animal is identified, an SMS is sent to the listed 
numbers belonging to the HWC response team and the 
community human-wildlife response group. The model was 
able to detect and identify wildlife with good accuracy. It 
detected different species as shown in Figures 6 and 7. 

 

 
Fig. 5.  System prototype. 

It was observed that when the object was placed at a close 
distance from the camera, it was accurately identified. 
However, if it was placed too far or too near, the system tended 
to misidentify the animal or even not identify it at all. The 
recipient of the SMS message is determined based on the 
species of the identified animal. If the wild animal is 
dangerous, a message is sent to both the community response 
team leader and the HWC response team. If it cannot cause 
HWC, but is an endangered wild animal, a message is sent to 
the HWC response team only, while if the wild animal cannot 

cause HWC and it is not a endangered one, no message is sent. 
The SMS contains the name of the species of the wild animal 
and the google map link location of the wild animal. 

 

 
Fig. 6.  Buffalo detection. 

 
Fig. 7.  Elephant detection. 

 
Fig. 8.  A received notification message. 

A web-based system was developed with the primary 
purpose of monitoring and managing data from the sensor 
nodes. It is accessible by a web browser. Park rangers and park 
managers are the only people allowed to use the system to 
access the park’s wildlife spotting data from the database. The 
system works best if the camera traps are placed at a distance 
of 40 meters apart to ensure their efficiency. This distance is 
the combination of the efficiency of the PIR sensor and camera 
distance of focus that come into play. In our case study area, it 
is best to place the cameras in places with weak fences and near 
areas with high human population to reduce the cost of the 
whole project. 

A. Discussion 

The conducted experiments in selected places proved that 
the system can monitor the movement of wildlife and rapidly 
report the identified dangerous or endangered wildlife species. 

 Buffalo Elephant Leopard Lion Rhino Zebra Uncertain 

Buffalo 100 0 0 0 0 0 0 

Elephant 1.7 94.8 0 0 3.4 0 0 

Leopard 0 0 100 0 0 0 0 

Lion 0 0 0 100 0 0 0 

Rhino 0 3.1 0 0 95.3 0 1.6 

Zebra 0 1.1 0 0 0 98.9 0 

F1 Score 0.99 0.95 1.00 1.00 0.96 0.99  
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The processed data were sent to the server for visualization and 
tracking was conducetd by using a web application dashboard. 

IV. CONCLUSION AND RECOMMENDATIONS 

The proposed low-cost early warning system was 
developed to report incidents that may cause HWC using SMS. 
It is suitable for use by the park and community HWC response 
team members living in HWC-prone areas. This system can 
support the rangers patrolling the parks by providing insightful 
information about wild animal locations fast. The system 
allows remote real-time wild animal monitoring from the 
park’s base station. The system is stand-alone and can work for 
different occasions by modifying system components and the 
detection model to fit in different situations, such as tracking 
livestock and protecting houses against theft. 
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Abstract-Eccentrically Braced Frames (EBFs) have been widely 

used in the last decades and proved their efficiency to resist 

strong earthquake intensities by providing suitable ductility and 

lateral stiffness. Using the PBPD method for the design, EBFs can 

fulfill the target performance objectives under major 

earthquakes. The most commonly used configurations are the K-
shaped and the recent Y-shaped EBFs, which have the advantage 

that the links are independent of the beam and can be easily 

replaced after an earthquake without serious damage to the beam 

and slab. This study focused on the lateral reliability of both 

systems under seismic loading. Nonlinear static pushover and 

Incremental Dynamic Analysis (IDA) were performed on 5-story 

and 10-story K- and Y-shaped EBFs. A series of 14 near- and 7 
far-field seismic records were considered to analyze and compare 

the inter-story drifts of both systems using the Seismostruct 

software. Moreover, Peak Ground Accelerations (PGA) and the 
different performance levels were also examined. 

Keywords-eccentric braces; short links; incremental dynamic 

analysis; performance based design; interstory drift 

I. INTRODUCTION  

During the last 50 years, many studies have been carried 
out through experimental and numerical research with the aim 
of better understanding the behavior of Eccentrically Braced 
Frame (EBF) systems and developing adequate design methods 
to improve their performance against seismic and wind loads. 
This lateral load-resisting system, originated from Japan, 
combines the advantages of both Moment Resisting Frame 
(MRF) and Concentrically Braced Frame (CBF) by ensuring 
high elastic stiffness and energy dissipation during severe 

earthquakes. One of the most important key parameters that 
controls the behavior of EBF systems is the segment e between 
braces or brace to the column. This segment, called the link, 
acts as a structural fuse to dissipate the energy induced by 
earthquakes in a building. The remaining parts of the structure 
are designed to remain essentially elastic when links yield. The 
link length ratio ρ is a function of e, plastic shear Vp, and plastic 
moment Mp capacities of the link [ρ=e/(Mp/Vp)]. Depending on 
the length ratio (ρ), shear yielding controls the behavior of 
short links while flexural yielding is predominant in long links. 
The experimental research conducted in [1-4] showed that 
short links exhibit better performance under cyclic loadings in 
terms of ductility and strength. A link is classified as short if 
ρ<1.6, while links with ρ>2.6 are considered long. These 
practical limitations were proposed through experimental 
studies of various link specimens [3, 5-7] and were adopted by 
many design specifications, including AISC 341-10 [8]. The 
effect of adding stiffeners to improve the strength and energy 
dissipation capacity of links] to achieve a better performance of 
shear links and avoid web local buckling and strength 
degradation has been highlighted in [3, 9-10. Unlike shear 
links, stiffeners in long links may not prevent flange buckling 
but could limit strength degradation [11]. Intermediate 
stiffeners may be useful in flexural links if a significant axial 
force is acting on the link [12]. Various numerical modeling 
techniques of links were developed in [10, 13-14] to 
demonstrate their accuracy with experimental results. More 
recently, a simplified approach was presented in [15] by 
modeling elements with concentrated hinges at the ends. This 
approach has been used in numerical studies [16, 17] 
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highlighting some deficiencies in the cyclic response of links. 
In [18], the previous element model was improved using the 
uniaxial material model of Zona and Dall'Asta to define the 
responses of the flexural and shear hinges. The efficiency of 
this approach was highlighted by comparing numerical and test 
results. More element models have been developed to model 
steel links and members in the EBFs. The model developed in 
[19, 20] was improved in [21] by combining axial, shear, and 
flexural hinges in the elements to demonstrate the accuracy of 
the proposed approach. Alternative EBF systems were 
presented in [22] to improve the performance of structures by 
integrating a damping system to resist lateral loading. In [23], a 
linkage system was proposed that combined Pall friction and 
rotational friction damper to improve energy dissipation 
capacity. 

In practical applications, systems with horizontal links (K-
type) are the most commonly used because of their excellent 
performance during earthquakes. Systems with vertical links 
(Y-type) have also shown great cyclic performance in the 
experiments conducted in [24-26]. However, some deficiencies 
were observed at the conjunction of the vertical link and the 
braces due to significant out-of-plane deformations. The main 
goal of this study is to compare the lateral reliability of the 
EBF, including horizontal and vertical links, through nonlinear 
pushover and incremental dynamic analysis. For this purpose, 
14 near-field and 7 far-field seismic records were selected to 
study the behavior of 5-story and 10-story EBF models. The 
parameter considered for the comparison of the two systems 
was the inter-story drift. 

II. NUMERICAL MODELING VERIFICATION STUDY 

As a first step, model validation was carried out to ensure 
that numerical results could represent the behavior of EBFs 
under real conditions. To achieve this purpose, the 
experimental test conducted in [27] was used to build a 
numerical model using the Seismostruct 2021 software [28]. 
The specimen tested in [27] and compared with the numerical 
model was a single-story single-bay 1/2 scale Y-EBF made 
with high-strength steel. The height and width of the specimen 
were 1.8m and 3.6m respectively, while a short link with a 
length of 0.5m was used. Table I highlights the welded H-
shaped sections and the materials of the specimen elements. A 
vertical load of 400kN was applied to the top of the column to 
simulate the axial force transferred to it by the superstructure. 
Monotonic loading and pseudostatic tests were performed at a 
loading speed of 0.05mm/s until structural failure [27].  

TABLE I.  SECTIONS AND MATERIALS OF THE SPECIMEN ELEMENTS 

Members Sections Material 

Column H150××150×6×10 Q460 

Beam H225×125×6×10 Q460 

Link H225×125×6×10 Q345 

Brace H125×120×6×10 Q460 

 

Based on the experimental data, a numerical model was 
developed using Seismostruct 2021 [28]. The element type 
defined in the numerical model for beam and column was the 
inelastic plastic-hinge force-based frame element 
"InfrmFBPH", where hinges were located at both ends of beam 
and column. An inelastic truss element was used for the braces, 

and an inelastic plastic hinge displacement-based frame 
element InfrmDBPH was assumed for the link, as shown in 
Figure 1. The software automatically assigns the fibers of the 
section at the element’s end with a sufficient number to ensure 
an adequate reproduction of the stress-strain distribution across 
the cross-section of the member. 

 

 
Fig. 1.  The numerical model of the studied specimen. 

The modeling parameters used for the link were selected 
according to tables 9-7 of the ASCE 41-17 standard [29]. A 
bilinear stress-strain steel model with kinematic strain 
hardening was also defined for elements with their 
corresponding property values. 

Pushover analysis was performed by imposing an 
incremental force at the top of the column until the model 
failed. The resulting capacity curve was compared with the 
experimental test results obtained in [27]. The comparison of 
the experimental and the numerical results is shown in Figure 
2. The ultimate base shear of the experimental test was 
approximately 680kN, while a value of 618kN was recorded in 
the simulation model. The results appear to agree with the 
experimental evaluation with a maximum relative error of 9%. 
Therefore, it can be concluded that numerical modeling is 
capable of simulating the response of the specimen with 
sufficient accuracy and can be used to predict the dynamic 
behavior of EBFs. 

 

 
Fig. 2.  Numerical model vs experimental test results. 
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III. PUSHOVER AND INCREMENTAL DYNAMIC ANALYSIS 

In [27], four groups of Y-type EBFs of 5, 10, 15, and 20 
storeys were designed, using a performance-based seismic 
design method, according to the Chinese seismic code for 
buildings [30]. Ordinary and high-strength steel was used for 
each group to be compared in terms of bearing capacity, lateral 
stiffness, story drift, link rotation, and failure modes. The 
prototypes were characterized by a peak ground acceleration of 
0.3g with a 10% probability of exceedance over 50 years. All 
frames had a typical story height of 3.6m, 3 bay spans of 7.2m, 
and a vertical link length of 0.8m. Welded H-sections were 
used for all frame members except for the column where box 
sections were assigned. Among the 8 designed Y-type EBFs, 
frames with 5 and 10 storeys made with ordinary steel (Q345) 
were investigated. Additional EBF models were also studied in 
parallel, including horizontal (K-type) instead of vertical links, 
using the same cross-sections and geometrical dimensions as 
the selected models to ensure a fair comparison. Pushover 
analysis was performed for all prototypes using the same 
member modeling parameters as for the verification model. 
Connections were considered rigid for all models. The material 
yield strength used for all the element members was the 
nominal value of ordinary steel Q345 (fy=345MPa), and the 
elastic modulus was equal to 2.06×105MPa. The dead and live 
loads applied on the floor were 5.0kN/m² and 2.0kN/m

2
, 

respectively. For the roof, the dead and live loads were 
6.0kN/m² and 2.0kN/m². A snow load was also assigned to the 
roof with a value of 0.35kN/m² [27]. The fundamental periods 
obtained from the modal analysis of the investigated prototypes 
are shown in Table II, while the adopted sections for all 
members are presented in Tables III and IV. Incremental 
Dynamic Analysis (IDA) was also applied using a set of 
selected ground motion records from the PEER NGA database 
(14 near-field earthquakes and 7 far-field earthquakes), as 
recommended in FEMA695 [31]. Each earthquake represents a 
particular seismic intensity and is used multiple times at 
different scales so that the structure is subjected to a wide range 
of elastic and inelastic behavior. Tables V and VI highlight the 
ground motion records used in this analysis. The Newmark 
integration method was used with β=0.25 and γ=0.5. The IDA 

offers various advantages compared to the pushover analysis 
and has proved its accuracy by considering the effect of higher 
modes in the analysis [32-33]. 

 

 
Fig. 3.  5-story Y-type and K-type prototypes. 

 
Fig. 4.  10-story Y-type and K-type prototypes. 

TABLE II.  FUNDAMENTAL PERIODS 

Models T1 (s) T2 (s) T3 (s) 

5-story Y-type 0.722 0.273 0.164 

5-story K-type 0.610 0.225 0.137 

10-story Y-type 1.296 0.465 0.270 

10-story K-type 1.191 0.415 0.231 

 

TABLE III.  5-STORY EBF MEMBER SECTIONS 

Story Beam Link Column with brace Column with no brace Brace 

5 H410×150×6×10 H330×150×4×10 400×400×16 300×300×12 H200×200×8×12 

4 H440×150×10×16 H420×180×6×10 450×450×18 350×350×16 H200×200×10×16 

3 H490×180×10×16 H410×180×8×12 500×500×18 350×350×16 H200×200×10×16 

2 H520×200×10×16 H470×180×8×12 550×550×20 400×400×18 H220×220×10×16 

1 H550×200×10×16 H500×180×8×12 550×550×20 450×450×18 H220×220×10×16 

TABLE IV.  10-STORY EBF MEMBER SECTIONS 

Story Beam Link Column with brace Column with no brace Brace 

10 H440×160×6×10 H320×140×5×10 350×350×16 350×350×12 H200×200×10×16 

9 H480×200×8×12 H310×150×8×14 400×400×16 350×350×12 H200×200×10×16 

8 H490×200×10×16 H430×180×8×14 450×450×18 400×400×16 H220×220×10×16 

7 H530×220×10×16 H420×200×10×16 450×450×20 400×400×16 H220×220×10×16 

6 H560×240×10×16 H470×200×10×16 500×500×20 450×450×18 H220×220×10×16 

5 H540×240×12×18 H510×200×10×16 500×500×20 450×450×18 H250×250×10×16 

4 H570×240×12×18 H470×200×12×18 550×550×22 500×500×20 H250×250×10×16 

3 H590×240×12×18 H490×200×12×18 550×550×22 500×500×20 H250×250×10×16 

2 H610×240×12×18 H510×200×12×18 600×600×25 550×550×20 H250×250×10×16 

1 H620×240×12×18 H520×200×12×18 600×600×25 550×550×20 H250×250×10×16 
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TABLE V.  NEAR-FIELD GROUND MOTION RECORDS 

Earthquake Name Year Station Name Magnitude 
Rjb 

(km) 

Cape Mendocino 1992 Petrolia 7.0 9.5 

Darfield_ New Zealand 2010 TPLC 7.0 6.11 

Duzce_ Turkey 1999 Lamont 1062 7.1 9.14 

Erzincan_ Turkey 1992 Erzincan 6.7 2.0 

Gazli_ USSR 1976 Karakyr 6.8 3.92 

Imperial Valley-06 1979 Chihuahua 6.5 7.29 

Irpinia_ Italy-01 1980 Sturno (STN) 6.9 6.78 

Kobe_ Japan 1995 Port Island 6.9 3.31 

Kocaeli_ Turkey 1999 Yarimca 7.5 1.38 

Loma Prieta 1989 
Saratoga - Aloha 

Ave 
6.9 7.58 

Nahanni_ Canada 1985 Site 1 6.9 2.48 

Niigata_ Japan 2004 NIG017 6.8 4.22 

Northridge-01 1994 
N Hollywood - 

Coldwater Can 
6.7 7.89 

Superstition Hills-02 1987 
Superstition Mtn 

Camera 
6.5 5.61 

TABLE VI.  FAR-FIELD GROUND MOTION RECORDS. 

Earthquake Name Year Station Name Magnitude Rjb (km) 

Imperial Valley-06 1979 Delta 6.5 22.03 

Irpinia_ Italy-01 1980 Calitri 6.9 13.34 

Loma Prieta 1989 Gilroy Array #4 7.0 13.81 

San Fernando 1971 LA-Hollywood Stor FF 6.6 22.77 

Spitak_ Armenia 1988 Gukasian 6.7 23.99 

Superstition Hills-02 1987 Westmorland Fire Sta 6.5 13.03 

Tabas_ Iran 1978 Boshrooyeh 7.4 24.07 

TABLE VII.  LIMIT STATES OF EBF ACCORDING TO FEMA 356 

Limit states Recommended drifts (%) 

Immediate occupancy (IO) 0.5 

Life safety (LS) 1.5 

Collapse prevention (CP) 2.0 

 

The demand parameter considered was the inter-story drift 
ratio (maximum inter-story drift of all storeys). The 
performance levels and their corresponding drift values for 
EBF are presented in Table VII according to FEMA356 [34]. 

IV. RESULTS AND DISCUSSION 

The seismic reliability of EBFs having K-type and Y-type 
links was investigated using non-linear static pushover and 
incremental dynamic analysis on 5 and 10-story frames. 

A. Pushover Analysis 

The EBFs with vertical links exhibited higher inter-story 
drifts, especially in the intermediate storeys. The difference 
was about 20% between the drift of the K and Y types for the 
5-story model (maximum inter-story drift at the 3rd floor) and 
53% for the 10-story model (maximum inter-story drift at the 
5th floor). The inter-story drift is more significant as the height 
of the structure increases. The K-type system exhibited more 
important lateral stiffness than the Y-type system in all cases. 
According to [30], the link deformation reaches the plastic limit 
state when the drift value of the story exceeds 2%. The results, 
shown in Figure 5, indicate that the yielding of the links in the 
Y-type models has already occurred for the intermediate 
stories, while in the K-type models the links reach the plastic 
limit state. 

B. Incremental Dynamic Analysis (IDA) 

A series of IDAs were performed on the selected EBF 
models to examine the performance of the K and Y types at 
different earthquake intensities and to evaluate the peak ground 
accelerations corresponding to each specific limit state of the 
structures. The maximum inter-story drift recorded for the 5 
and 10-story studied prototypes under the 21 selected 
earthquakes are shown in Figures 6 and 7, where the Peak 
Ground Acceleration (PGA) was selected as the intensity 
measure, and the maximum inter-story drift ratio was selected 
as the response measure. The limit states IO, LS, and CP at 0.5, 
1.5, and 2% respectively, are shown in Figures 6 and 7. 

The results in Figure 7 show that the corresponding PGA 
for the different damage levels is higher for models with 
horizontal links (K-type). In the 5-story EBFs, a PGA of 0.73g 
was recorded for the K-type model against 0.4g for Y-type at 
the collapse prevention level. For the 10-story EBFs, the K-
type model reached the limit of 2% drift ratio at a PGA of 0.5g 
while the Y-type model reached the same limit at 0.31g. To 
attain the collapse prevention performance level, the K-type 
systems required 1.7 times higher average intensity than the Y-
type systems. It should be noted that as the height of the frame 
increases, the intensity that leads to the yielding of links 
decreases. This implies that shorter frames in general exhibit 
higher levels of reliability. The results in Figure 7 also show 
that the links in both systems produced intensities above the 
intensity corresponding to the design hazard level, that is 0.3g. 
Therefore, the performance-based seismic design method once 
again proved its efficiency in providing structures with good 
lateral stiffness to sustain subsequent earthquake intensities. 

 

(a) 

 

(b) 

 

Fig. 5.  Inter-story drift ratio at 2% target (a) 5-story (b) 10-story models. 
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(a) 

 

(b) 

 

Fig. 6.  IDA curves of 5-story models (a) K-type (b) Y-type.  

(a) 

(b) 

Fig. 7.  IDA curves for 10-story models (a) K-type (b) Y-type. 

A clear comparison between the median IDA curves of 5 
and 10-story prototypes is shown in Figure 8. 

(a) 

 

(b) 

 

Fig. 8.  Median IDA curves (a) 5-story models (b) 10-story models. 

V. CONCLUSIONS 

This study investigated the lateral performance of EBFs 
including horizontal and vertical links. Modeling accuracy was 
examined using the Seismostruct software by comparing the 
modeling results with the experimental test conducted in [27]. 
The selected 5- and 10-story EBF models were analyzed using 
nonlinear pushover and incremental dynamic analysis over a 
series of 21 seismic records. The inter-story drifts obtained 
from the K- and Y-type EBF prototypes were compared under 
the same loading conditions. The following conclusions can be 
drawn: 

• The results indicate that both K-type and Y-type systems 
can sustain major earthquake intensities and the links can 
meet the target performance objectives. However, the K-
type system may absorb excessive seismic energy and 
provide better lateral stiffness by conferring smaller inter-
story drifts to the structure compared to the Y-type system. 
The links in both systems start to yield in the intermediate 
floors but at different intensities (higher for the K-type 
models). Low-rise EBFs exhibit higher levels of reliability 
in general, where links reach the plastic limit state at higher 
intensities than the intensity corresponding to the design 
hazard level. 

• With the same cross-sections, the K-type system exhibited 
better performance under the same loading conditions 
compared to the Y-type system. To achieve the same 
performance as the Y-type configuration, fewer cross-
sections are needed for the K-type reducing the construction 
cost. However, links in the Y-type configuration can be 
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easily replaced after being damaged by an earthquake as 
they are not integrated with beams.  

• The Performance-Based Seismic Design method (PBSD) 
demonstrated its efficiency in providing structures with 
sufficient lateral stiffness to resist major earthquake 
intensities. On the other hand, the numerical modeling with 
adequate parameters proved its ability to predict the 
dynamic behavior of EBFs with reasonable accuracy. 
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Abstract-Mining is often associated with the risk of Work-

Related Musculoskeletal Disorders (WRMSDs). Despite being a 

coal-rich country, Pakistan’s mining sector stays behind in terms 

of occupational health and safety. Only a few research studies 

have been conducted on ergonomics in the mining industry. The 

current study aimed at evaluating workstations for WRMSDs 
and ergonomic factors among coal mine workers. Survey data 

were gathered from a total of 103 workers using a structured 

questionnaire. Information on the incidence of musculoskeletal 

disorders was obtained using the Standardized Nordic 

Questionnaire. The questions about ergonomics awareness, 

workstation, environment, demands, and risks were based on the 

available literature studies. The association between the incidence 
of WRMSDs and age was explored using chi-square analysis. The 

results showed a high rate of uneducated workers with a lack of 

ergonomics awareness. Back, shoulders, and legs were the most 

vulnerable body areas to WRMSDs. A significant association 

between workers’ age and WRMSDs was found. The workers’ 

opinion towards workstation was at a very low level. The current 
work conditions were found to have risks of potential hazards 

and economic losses. Ergonomic interventions are suggested to be 
developed and implemented to improve workplace conditions.. 

Keywords-musculoskeletal disorders; coal mine workers; 

ergonomics; workstation evaluation; work environment; work 

demands 

I. INTRODUCTION  

Any engineering project encounters several risks during its 
life cycle [1]. Risk management is based on the management of 
health, safety, and the environment of the personnel. Risk is a 
process that has an uncertain and unknown outcome in each 
field [2]. Longwall mining is a highly automated, very 
powerful and productive way to mine. In the absence of 

longwall mining, other technologies can be applied, named 
highwall mining or coal mining of flat-laying coal seam 
technology which solves the same problem as high wall 
mining, but does not require any specialized equipment [3]. 
Mining is often associated with high rates of Work-Related 
Musculoskeletal Disorders (WRMSDs) that have adverse 
effects on the health of workers. Coal is a major energy source 
of the economic development of a country [4-5]. However, its 
mining is believed to be a dangerous task, as it poses many 
health problems to workers [6-9]. The health issues include 
manual tasks, working in awkward postures, and for long 
durations, increasing the risk of developing WRMSDs [10]. 
WRMSDs are one of the major cost occurring disorders [11] 
and are related to discomforts in muscles, joints, nerves, blood 
vessels, and supporting structure. They include both work-
related and non-work exposures [12, 13]. WRMSDs have 
become one of the most serious problems in industries, causing 
one-third of the total sickness absenteeism [14]. Regardless of 
the work nature and the involvement of high physical efforts, 
WRMSDs are very common in virtually all job categories and 
are among the major causes of workers’ pain, disability, 
absenteeism, low productivity, and high financial costs [15-20].  

Studies suggest a causal relationship between WRMSDs 
with occupational and non-occupational physical risk factors. 
Numerous mining-related physical risk factors such as manual 
material handling, repetitive movements, high exertion, 
working in awkward postures, and changes of workplace 
circumstances are some reasons for the development of 
WRMSDs [21, 22]. WRMSDs are contributed by many risk 
factors in the mining industry, and a variety of positions and 
postures like kneeling, squatting, and stooping can enhance the 
occurrence of musculoskeletal disorders [23]. From an 
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ergonomic perspective, disorders or injuries are caused by 
carrying out the activities incorrectly. The risks and hazards in 
the mining comprise of the design of equipment and vehicles, 
high job demands, work pressure, job rotation, overtime, 
improper rest, recovery time, and breakdowns [24]. Working in 
low working heights (in low-seam mines) causes multiple 
forms of discomforts and injuries attributed to working in 
kneeling and squatting postures [25, 26]. The workers are often 
exposed to these risks, therefore risk potential should be 
identified and reduced [27]. In Pakistan, the coal is still being 
extracted using conventional mining methods, thus WRMSDs 
have become the most common health problems [28, 29] in this 
industry. The mining industry in Pakistan is not technologically 
advanced [30]. Therefore, the present study has been carried 
out to evaluate ergonomic factors and assess WRMSDs with 
the aim to address the key issues that contribute in their 
development. The focus of this study is the assessment of a 
representative sample of Pakistan’s coal mining industry 
workforce. The study will help the government and mining 
enterprises to promote the health of workers by developing and 
implementing proper ergonomic interventions. 

II. METHODOLOGY 

The study has been carried out to explore WRMSDs and to 
evaluate workstations for ergonomic conditions in Lakhra Coal 
Mines, Sindh, Pakistan. The data were obtained from the 
workers of 18 different underground coal mine sites. The study 
sample consisted of 103 underground coal mine workers, 
which were selected with randomize sampling technique. The 
data were gathered through a structured questionnaire. The 
prevalence of musculoskeletal disorders was measured using 
the Nordic Musculoskeletal Questionnaire [31]. The questions 
regarding ergonomic awareness, workstation evaluation, work 
environment, work demands, and risks at work were based on 
the contents of [32-34]. A 5-point Likert scale was used, from 1 
for strongly disagree to 5 for strongly agree. SPSS version 23 
was used for data analysis. Data obtained from the workers 
were summarized in frequency, percentage, mean, and standard 
deviation. The association between the prevalence of 
WRMSDs and the age of coal mine workers was evaluated 
with the Chi-square test. The alpha (α) level was set at 0.05. 

III. RESULTS 

A. Demographic Data 

The demographic description of the respondents is 
presented in Table I. The study sample comprised of only 
males, as women do not work in the mining industry in 
Pakistan. 

B. Work-Related Musculoskeletal Disorders 

According to the data on pain during the last 12 months, the 
results show that a high number of workers were suffering 
from WRMSDs. The overall measurement results are 
summarized in Table II. Figure 1 shows the percentage of 
WRMSDs among workers. The prevalence of WRMSDs 
complaints during the last 12 months was significantly 
associated with workers’ age. The back-pain complaint (88%) 
was the most commonly reported and leading complaint among 
the workers and it was highly significantly associated with the 

workers’ age (p < 0.001). Shoulder pain (76%) and leg pain 
(67%) were ranked as the second and third most commonly 
reported WRMSDs. The prevalence of WRMSDs was found 
consistently associated with age. 

TABLE I.  DEMOGRAPHIC CHARACTERISTICS OF RESPONDENTS 

Variable Description (%) 

Age (years) 

18–33 38 (36.9) 

34–49 36 (35.0) 

≥50 29 (28.2) 

Marital status 

Single 12 (11.7) 

Married 78 (75.7) 

Other 13 (12.6) 

Education level 

Uneducated 55 (53.4) 

Primary 36 (35.0) 

Secondary 12 (11.7) 

Nature of job 

Coal cutter 21 (20.4) 

Hand trolley man 9 (8.7) 

Haulage operator 14 (13.6) 

Worker 28 (27.2) 

Loader 11 (10.7) 

Surface collie 7 (6.8) 

Underground transporter 13 (12.6) 

Total experience 

(years) 

<1 5 (4.9) 

1–10 17 (16.5) 

11–20 45 (43.7) 

21–30 28 (27.2) 

>30 8 (7.8) 

TABLE II.  MSDs AND THEIR ASSOCIATION WITH AGE 

Body Part Prevalence (%) Mean (SD) p 

Shoulder 76.7 3.79 (0.75) 0.008* 

Forearm 48.6 3.36 (0.93) <0.001* 

Back 88.4 3.94 (0.50) 0.045* 

Legs 67.0 3.57 (0.94) <0.001* 

Foot / toe 63.1 3.58 (0.99) 0.011* 

*Significant at p < 0.05 level 
 

 
Fig. 1.  Percentage of WRMSDs among workers. 

C. Ergonomic Awareness 

Table III presents information about ergonomics awareness 
among the workers. More than 86% of them were unaware of 
the ergonomic body of knowledge in their daily work. Only 
32% of the survey population realized the effects of neglecting 
ergonomics in their life. Besides that, only 7.8% of the total 
respondents ever attended an ergonomic seminar. 

D. Workstation Evaluation 

The ergonomic analysis showed a low level of respondents’ 
perception of their workstation. The results presented in Table 
IV are the responses to questions on workstation evaluation. 
More than 59% of the respondents reported that the 
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workstation was not clean and comfortable to work. The 
majority (72%) of the respondents stated that the workstation 
did not have suitable space to carry out routine work. Most 
(64%) of the respondents felt uneasy to work due to the 
congested workspace. More than 50% of the respondents were 
not provided with the necessary equipment. 

E. Work Environment 

The results of overall perception towards work environment 
are shown in Table V. Around 52.5% of the respondents 
reported the problem of gases in mines and 65% complained 
about improper lighting. The workers did not extensively report 
any difficulty to work due to noise, temperature, and humidity, 
and 71% of them reported the problem of coal dust and more 
than half (56%) were not satisfied with the overall ventilation 
system of the mine. 

F. Work Demands 

From the results shown in Table VI, we can see that a low 
percentage of the workers work overtime (40%). According to 
58% of the respondents, their job involved a high degree of 
repetitiveness. The muscular strength requirement was high for 
66% of the respondents, the work of 54% of the respondents 
was done manually, 52% of the respondents required bending 
and twisting, most of the respondents (68%) were dealing with 
carrying, lifting, or lowering heavy physical loads, 51% of the 
respondents required pushing/pulling/dragging the material 
with no aid of machinery, 47% had to climb up or down and 
41% had to kneel or squat to perform their work. 

G. Risks at Work 

The data in Table VII indicate that errors in work are 
associated with risks of personal injury and economic losses. 
About 91% of the respondents were at risk of personal injury 
and 86% stated that their work is associated with risk of 
economic losses. 

IV. DISCUSSION 

This study was carried out in order to analyze the rate of 
WRMSDs and their associations with respondents’ age. In 
addition, ergonomics awareness at work was considered. 
Workers’ perception towards workstation, work environment, 
and work demands was analyzed. The risks associated with 
work were also explored. The results showed that more than 
half of the respondents were uneducated (53%), 35% had 
primary education, and less than 12% had secondary education. 
The back pain complaint was mostly reported, and it was found 
significantly associated with workers’ age. The back pain 
became more prevalent with the increase of age. Pain in 
shoulders and legs ranked second and third respectively. The 
likelihood of developing body pain was caused by the adoption 

of uneasy working positions. The prevalence of all WRMSDs 
complaints was significantly associated with the age of the 
workers. Lack of ergonomic knowledge was observed and at 
the moment there was no safety and health program running at 
the workplaces. The majority of the respondents were unaware 
of the ergonomic issues. This implies that they had no 
knowledge of ways to avoid the WRMSDs. Approximately 
68% of the respondents even did not realize the effects of 
ergonomics on their health, implying that the mine 
management was inefficient in providing ergonomic 
awareness. Only 7.8% of the respondents stated that they have 
been informed about ergonomics before the conduct of this 
survey. 

The respondents’ opinion towards workstation was at a 
very low level. Workstations were reported as unclean and 
uncomfortable, space was not suitable for routine activities and 
the workers felt uneasy to move during their work. The 
appropriate equipment was not provided to many of the 
workers, which could also be a factor of causing WRMSDs. 
There was a moderate level between satisfaction and 
dissatisfaction of the workers towards mine environment. The 
coal mines were having adequate air, comfortable temperature 
and humidity with a reduced level of noise. The presence of 
gases, improper lighting, and dust were the most reported 
problems, therefore, the workers’ opinion towards overall 
ventilation was not satisfactory. The ventilation is the 
fundamental element involved in Occupational Safety and 
Health (OSH) of the workers. The current state of work 
demands was found to have potential health hazards. Although 
a low percentage of workers work overtime, the problems of 
manual material handling and the requirement of high muscular 
strength were common. A high percentage of the workers had 
to repeatedly bend and twist, push, pull, drag, climb, kneel, 
squat, and carry heavy physical loads. The results show that 
errors in work were associated with the risk of personal injury 
and economic losses. The analysis of risk factors showed a 
mean score of 3.96 and a standard deviation of 0.84. There is 
no doubt that coal miners are engaged in a heavy and repetitive 
task and they carry out monotonous work, which makes them 
highly vulnerable to WRMSDs, which is reflected in the 
prevalence of WRMSD rates in this study. 

TABLE III.  WORKERS' PERCEPTION TOWARDS ERGONOMIC 

AWARENESS 

Item Yes n (%) No n (%) Mean (SD) 

Ergonomic knowledge 14.0  13.6 89  86.4 1.86 (0.34) 

Knowing the effects of 

neglecting ergonomics 
33      32 70  68 1.68 (0.47) 

Attended ergonomic training 8       7.8 95  92.2 1.92 (0.27) 

Overall - - 1.82 (0.36) 

TABLE IV.  WORKERS' PERCEPTION TOWARDS WORKSTATION 

Item n (%) n (%) n (%) n (%) n (%) Mean (SD) 

Clean and comfortable work pace 3  2.9 14 13.6 44  42.7 35  34 7  6.8 3.28  (0.89) 

Suitable space for routine activities 18  17.5 33  32 23  22.3 26  25.2 3  2.9 2.64  (1.13) 

Ease of movement in work space 8   7.8 26 25.2 32  31.1 31  30.1 6  5.8 3.01  (1.05) 

Appropriate aid equipment provided 2  1.9 6  5.8 44  42.7 44  42.7 7  6.8 3.47  (0.79) 

Overall      3.1  (0.97) 
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TABLE V.  WORKERS' PERCEPTION TOWARDS WORK ENVIRONMENT 

Item n (%) n (%) n (%) n (%) N (%) Mean (SD) 

Mine gases 10  9.7 7   6.8 32  31.1 44  42.7 10   9.7 3.36  (1.07) 

Lighting 14  13.6 17  16.5 36  35 28  27.2 8   7.8 2.99  (1.14) 

Noise 3   2.9 14  13.6 16  15.5 51  49.5 19  18.4 3.67  (1.02) 

Temperature and humidity 4   3.9 15  14.6 20  19.4 48  46.6 16  15.5 3.55  (1.05) 

Dust 12  11.7 11  10.7 50  48.5 27  26.2 3  2.9 2.98  (0.98) 

Overall ventilation 19  18.4 16  15.5 23  22.3 34  33 11  10.7 3.02  (1.29) 

Overall      3.26  (1.09) 

TABLE VI.  WORKERS' PERCEPTION TOWARDS WORK DEMAND 

Item n (%) n (%) n (%) n (%) n (%) Mean (SD) 

Working overtime 3   2.9 24  23.3 35  34 33  32 8  7.8 3.18   (0.98) 

Tasks with a high degree of repetitiveness 3   2.9 8   7.8 32  31.1 52  50.5 8  7.8 3.52   (0.86) 

Muscular strength requirements 2   1.9 12   11.7 21  20.4 54  52.4 14  13.6 3.64   (0.93) 

Manual material handling 7   6.8 8   7.8 32  31.1 49  47.6 7  6.8 3.40   (0.97) 

Bending and twisting 12   11.7 12  11.7 25  24.3 41  39.8 13  12.6 3.30   (1.19) 

Heavy Physical Load (carrying, lifting or lowering loads) 2   1.9 10  9.7 21  20.4 58  56.3 12  11.7 3.66   (0.88) 

Pushing/ Pulling/ Dragging 10   9.7 13 12.6 28  27.2 44  42.7 8  7.8 3.26   (1.09) 

Climbing up or down 2   1.9 11  10.7 31  30.1 54  52.4 5  4.9 3.48   (0.83) 

Kneeling or squatting 3   2.9 14   13.6 44  42.7 35  134 7  6.8 3.28   (0.89) 

Overall      3.41   (0.96) 

TABLE VII.  WORKERS OPINION ABOUT RISKS ASSOCIATED WITH WORK 

Item 1 n (%) 2 n (%) 3 n (%) 4 n (%) 5 n (%) Mean (SD) 

Are errors in your work associated with a risk of personal injury? 2  1.9 3  2.9 4  3.9 69  67 25  24.3 4.09  (0.76) 

Are errors in your work associated with the risk of economic losses? 5  4.9 7  6.8 2  1.9 75  72.8 14  13.6 3.83  (0.92) 

Overall      3.96  (0.84) 

 

V. CONCLUSION 

This study aimed to assess WRMSDs and analyze the 
ergonomic conditions at workstations associated with 
underground coal mine workers in Pakistan. The results 
showed that back, shoulders, and legs were the most exposed 
body regions to WRMSDs. Every respondent was found with 
at least one MSD, while the workers themselves had a very low 
level of ergonomic awareness. Inefficient organization setting 
and low-technology environment are the main reasons for the 
high prevalence of WRMSDs. It is recommended that the 
current mining method employed should be investigated and 
immediate changes should be applied. Concentrated steps 
should be taken, and proper strategies must be developed and 
implemented to control WRMSDs among the workers. This 
study can be generalized because the ergonomic settings and 
health and safety scenarios in underground coal mines are 
similar throughout the country. The findings of this study will 
not only help the management to take better measures for the 
health of mine workers, but they will also help policy makers in 
forming better ergonomics awareness plans. 

VI. STUDY LIMITATIONS 

The current study is cross-sectional. A longitudinal study is 
suggested in order to research the long-term effects of 
occupational factors on the prevalence of WRMSDs. A 
qualitative study is also recommended in order to acquire a 
deeper understanding of other ergonomic risk factors. 
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Abstract-The behavior and shear strength of full-scale (T-section) 

reinforced concrete deep beams, designed according to the strut-

and-tie approach of ACI Code-19 specifications, with various 

large web openings were investigated in this paper. A total of 7 

deep beam specimens with identical shear span-to-depth ratios 

have been tested under mid-span concentrated load applied 

monotonically until beam failure. The main variables studied 
were the effects of width and depth of the web openings on deep 

beam performance. Experimental data results were calibrated 

with the strut-and-tie approach, adopted by ACI 318-19 code for 

the design of deep beams. The provided strut-and-tie design 

model in ACI 318-19 code provision was assessed and found to be 

unsatisfactory for deep beams with large web openings. A 
simplified empirical equation to estimate the shear strength for 

deep T-beams with large web openings based on the strut-and-tie 

model was proposed and verified with numerical analysis. The 

numerical study considered three-dimensional finite element 

models, in ABAQUS software, that have been developed to 

simulate and predict the performance of deep beams. The results 

of numerical simulations were in good agreement and exhibited 
close correlation with the experimental data. The test results 

showed that the enlargement in the size of web openings 

substantially reduces the elements' shear capacity. The 

experiments revealed that increasing the width of the openings 

has more effect than the depth at reducing the load-carrying 

capacity. 

Keywords-deep beams; reinforced concrete; T-beams, web 

opening; strut-and-tie model; finite element analysis; shear 

strength 

I. INTRODUCTION  

Shear behavior of reinforced concrete members (slender 
members that have span-to-depth ratios greater than 2.5) is a 
complex phenomenon which is influenced by a large number of 
parameters [1, 2]. This complexity is more pronounced in deep 
beams (members that have small, less than 2.5, span-to-depth 
ratios) because the applied load is transferred mainly through 
the formation of arching which causes a highly nonlinear strain 
distribution in the cross section so that the shear strain is 

dominant [3, 4]. In deep beams, the strain distribution is 
nonlinear and the load is transferred to the support by a 
compression strut joining the loading point and the support [2, 
5-9]. The creation of web openings is often required for the 
accommodation of electrical and mechanical conduits. 
Enlargement of openings due to architectural/mechanical 
requirements may reduce the element’s shear capacity [9, 10]. 
Design code provisions typically use sectional models to 
determine the shear and flexure capacities of slender members 
[11-13]. In deep beams, traditional sectional design approaches 
based on plane sectional theory are not applicable, a nonlinear 
distribution of strains dominates the response and arch action 
becomes the primary force-transfer mechanism following 
diagonal cracking [5, 13]. Most codes of practice rely on 
empirical or semi-empirical equations for the design of deep 
beams, however, these equations are limited by the extent of 
the experimental results used for their calibration [2]. Modern 
design codes such as EC2 and ACI 318-19 have adopted design 
approaches based on the implementation of Strut-and-Tie 
mechanistic Models (STMs) because they appear more rational 
and relatively simple to apply. The design of deep beams based 
on the strut-and-tie model relies on the lower bound theory of 
plasticity and assumes that both concrete and steel are perfectly 
plastic materials [3]. The STM idealizes the complex flow of 
stresses using a pin-jointed truss consisting of compression 
struts and tension ties, which allows easier monitoring of the 
force flow [14]. There is no provision for the designing of deep 
beams with openings in current design codes. 

In the current study, 7 deep beams were tested until failure 
and a comparison was made with the strut-and-tie design 
approach adopted by the ACI 318-19 code. The effects of the 
openings were also considered. From the experimental results, 
it can be noticed that increasing the width of the openings has 
more effects than increasing the depth in reducing the load 
carrying capacity. This agrees with the statement that as the 
opening's distance from what can be called the loaded quadrant 
to the unloaded quadrant, the strength of the beam increases 
[15]. The experimental results were compared with the 
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numerical finite element analysis results of [16]. Opening’s 
configuration was investigated in [17, 18] and an increase in 
ultimate load capacity compared with that of quadrilateral 
openings when circular openings were used was reported in 
[19]. 

Finite Element Modeling (FEM) is one of the most powerful 
tools in simulating structural elements in a variety of fields. 
The successful simulation of specific elements relies upon the 
realistic representation of the material properties in FEM. 
However, due to the complexity of the constitutive material 
properties concrete, modeling the behavior of reinforced 
concrete, in particular shear, has been, and still is, a challenging 
issue [16, 20]. 

II. STRUT-AND-TIE MODEL 

The STM is based on the fact that within a distance from a 
source of disturbance such as a concentrated load or support, 
the distribution of strain in the member is nonlinear (St. 
Venant’s principle) [10, 21]. Plain sections do not remain plain. 
Nonlinear strain distributions in concrete members, caused by 
changes in geometry or loading conditions, are referred to as a 
disturbed regions or D-regions [14] (D-for discontinuity or 
disturbed), while, the linear strain distribution regions are 
called B-regions (B-for Bernoulli or beam). The STM is an 
approach to design discontinuous D-regions in reinforced 
concrete structures to reduce the complex states of stress into a 
truss comprised of simple, uniaxial stress paths [21] (Figure 1). 

 

 
Fig. 1.  Strut-and-tie formation in deep beam, truss model (strut, tie, and 

nodes). 

These truss models represent all internal force effects and do 
not require separate flexure and shear models, as in the slender 
member case. Strut-and tie modeling is based on the lower-
bound theory of plasticity and the model capacity is always less 
than the actual capacity [14]. Struts are used to represent the 
assumed compressive stress fields in the concrete. Ties 
represent the primary tension reinforcement with the tie 
location made to correspond to the centroid of the 
reinforcement. While the tie also consists of the concrete 
surrounding the reinforcement, this concrete is not directly 
considered in the design but will reduce the tie elongation [22]. 
The struts and ties intersect at nodes. Most design 
specifications recognize 3 major node types: CCC-nodes 

bounded by struts only, CCT-nodes bounded by one tie and 
two or more struts, and CTT-nodes bounded by one strut and 
two or more ties. The ACI design provision allows the use of 
any truss configuration according to the designer provisions [2, 
21]. 

III. EXPERIMENTAL WORK 

Seven full scale reinforced concrete deep beams with large 
web openings were casted and tested until failure in order to 
study their shear strength. The objectives of this study were to 
investigate experimentally the main parameters of the 
laboratory testing which include: 

• The width of the opening E, considering E/L as the ratio of 
the width of the opening to the shear span of the beam as: 
0.4, 0.53, 0.67. 

• The depth of opening D, adopting D/H as the ratio of depth 
of the opening to the height of the beam section as: 0.48, 
0.6. 

The constants were: 

• Concrete compressive strength. 

• Type of loading. 

• Span length to height of the section ratio (L/H). 

• The two openings were symmetrically located relative to 
the center-line of the beam and the center of each opening 
was located at 0.45H from the soffit of the beam. 

The experimental specimens were designed according to 
ACI 318-19 and were fabricated with dimensions of 1950mm 
length, 1000mm height, 750mm flange width, 125mm flange 
thickness, and 250mm web thickness. The testing program of 
this study tried to investigate deep beams with large web 
openings, with varying E/L ratio (0.4, 0.53, 0.67), and D/H 
ratio (0.48, 0.6), designated by [DP-DE], where DP stands for 
Deep Beam, D for the opening depth, and E for the opening 
width. The symbols for the reinforced deep beams with large 
web openings and for the solid beam were DP_48x36, 
DP_48x48, DP_48x60, DP_60x36, DP_60x48, DP_60x60, and 
DP_solid that was subjected to static loading. 

A. Concrete Materials 

For concrete production, the cement, sand, coarse aggregate 
mixing ratio was 1: 1.7: 2.6 in weight. The water-cement ratio 
was 0.5 for the production of ordinary concrete with 
compressive strength of 25MPa. 

B. Steel Reinforcement 

For all specimens, the longitudinal deformed steel bars that 
have been used in this study had nominal diameter of 16mm 
and 10mm for the main reinforcement and the compression 
reinforcement respectively. For shear reinforcements and skin 
reinforcements, steel bars of 8mm diameter were used. 
Reinforcement diameters and spacing where chosen according 
to the ACI318-19 requirements. According to ASTM A615, 
tensile tests for the steel bars were carried out using the testing 
machine available in the Laboratory of Construction Materials 
at the College of Engineering, University of Baghdad. All deep 
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beams had the same distribution-ratio of interior steel 
reinforcement. The main (longitudinal flexural tensile) 
reinforcement is 3 ∅ 16mm deformed steel bars, while the 
longitudinal compression reinforcement is 4∅10mm deformed 
steel bars. The proposed flexural tension reinforcement aspect 
has been checked with Articles 9.9.3.2 and 9.6.1 of the ACI 

318M, 2019. Skin reinforcement and vertical shear 
reinforcement (stirrups) were designed and distributed with 
∅ 8mm@150mm) along the 2-sides. Proposed stirrups 
reinforcement aspects have been checked with Articles 9.9.3.1 
and 9.9.4.3 of the ACI 318M, 2019 (Figure 2). 

 

 
(a) 

 
(b) 

Fig. 2.  (a) Steel reinforcement in the experimental work of DP-60x60. (b) Steel reinforcement in the experimental work of DP-Solid. 

C. Test Setup 

Upon the completion of the preparation, installation, and 
calibration of all devices and equipment required for the tests 
(Figure 3), the beams were subjected to monotonically 
increasing static loading up to failure.  

 

 
Fig. 3.  Equipment and test setup. 

The experimental investigation was carried out using a 
500kN capacity hydraulic actuator that exposed the structural 
member to a concentrated load that was applied in 5kN 
increments. The tested specimens were simply supported and 
bearing plates under the load and above the supports have been 
used to better distribute the stress and to avoid any local 
crushing. 

IV. EXPERIMENTAL TEST RESULTS 

A. Load-Deflection Relations 

At each load step of the static test program, the vertical 
deflection of the specimens was recorded and the following 
conclusions were drawn: 

• For an increase of the opening width from 360mm to 
600mm, and of the E/L from 0.4 to 0.67, the load carrying 
capacity of the beams was reduced by about 66%, for 
Group- 60 and Group- 48 [10] (Figure 4). 

• Increase in the opening depth from 480mm to 600mm, and 
in D/H from 0.48 to 0.6, led to a reduction in the load 
carrying capacity of about 25% (Figure 4). 

• For Group- 48 and Group- 60, the load-deflection relations 
behave more as a linear relation because of the reduced 
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beam rigidity, EI, as a result of introducing large web 
openings [23]. 

• Group- 60 has less load carrying capacity than Group-48 as 
a result on increasing opening depth that led to beam 
stiffness reduction [15].  

• Increased deflection was noticed at increasing opening 
width as a result of reduced rigidity, EI, and hence, 
increased displacements [9]. 

• Figure 4(c) shows the significant effect of opening presence 
in reducing load carrying capacity, introducing web 
openings of E-600mm x D-600mm which can reduce the 
load carrying capacity by about 300% as compared with the 
solid beam, resulting to reduced rigidity and increased 
displacement. 

• As the opening enlarged, the deep beams were exposed to 
higher stresses as a result of opposing the web opening to 
the compression struts and intersecting the load path 
propagation which in turn reduced the deep beam capacity 
[3]. 

• Increasing the opening width has more effect in decreasing 
the load carrying capacity of the deep beams than 
increasing its depth. The more opposed the opening sites in 
the inner quarter of the shear span to the load path that 
propagates from the support to the applied load region, the 
more reduction in the load carrying capacity. 

B. Crack Pattern, Load Capacity, and Failure Mode 

During each test, cracks were marked at each discrete load 
increment. Figure 5 shows typical crack patterns of the 7 
specimens. Specimens with web openings were having the 
same response and behavior up to failure. A summary of first 
crack load, flexure cracks, ultimate load, and failure mode is 
presented in Figure 5(a) which shows the crack pattern for 
DP_48x48. A crack pattern comparison of the experimental 
and the finite element analysis results can be seen in Figure 
5(b).  

The crack pattern at each load increment was marked. The 
first inclined crack was propagating from the support regions 
toward the lower opening corner at load 20-30% of the ultimate 
load as shown in Figure 5(a) with the crack designated with 
number (1) being the first crack. At load 25-35% of the 
ultimate load, a diagonal tension crack number (2) propagated 
at the upper opening corner toward the applied load region. 
Flexural number (3) cracks appeared at 35-44% of the ultimate 
load. A typical cracking pattern (beam-column) conjunction, 
horizontal crack, appeared at loading stage 44-50% of the 
ultimate load as indicated by crack numbering (4). At loading 
stage 40-60% of the ultimate load, the tension cracks 
designated with number (2) propagated in the flange with 
additional inclined crack approaching near the applied load 
region appeared (crack number (5)). The serviceability load, 
i.e. a diagonal crack reaching width of 0.3mm appeared at 60% 
of the ultimate load. At increasing load until failure, cracks that 
start at the support regions extend toward the opening corner 
cracks and fuse with them forming long cracks that got wider 
until the beam failed. The shear failure is indicated with 

number (6). The crack patterns shown in Figure 5(a) present 
the strut-and-tie formation as expected for the load-path. The 
stress path and strut-and-tie configurations are shown clearly in 
Figures 5(a)-(b) [10]. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 4.  Comparison of load-deflection curves for DP_48 group and DP_60 

group with solid case. (a) load-deflection curve of Group_48, (b) load-

deflection curve of DP_60 group, (c) load-deflection curve of DP-48x48, DP-
60x60, and DP-Solid. 

Introducing large web openings in the deep beam transforms 
it into an ordinary connected beam-column (crack number (4)) 
[10]. The load-deflection curve behaves semi-linearly, which 
proves that the deep beams act as ordinary beams more than as 
deep beams, as a result of the larger web openings at the shear 
zone which change their geometry (Figure 6) [23]. Introducing 
web openings intersects the stress path and leads to changed 
deep beam geometry which affects the deep beam behavior and 
shear capacity [23]. The tested specimen DP_48x48 as 
obtained from ABAQUS program is shown in Figure 5(b). The 
crack patterns were selected at the failure stage. The initial 
cracks were generated at the support regions and propagated 
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toward the lower corner of the openings. Cracks at the upper 
corner of the opening extended toward the applied load region, 
which is compatible with the experimental tests. This 
comparison showed complete matching with the experimental 
results. 

 

(a) 

 

(b) 

 

Fig. 5.  (a) Designated experimental crack pattern of DP_48x48, and T- for 

TON, (b) Designated crack pattern of the numerical finite element model for 

specimen DP_48x48. 

 
Fig. 6.  Comparison of experimental and finite element load-deflection 

relations of specimen DP_48x48. 

V. THE PROPOSED EMPIRICAL EQUATION 

In ACI design code there is no provision for designing deep 
beams with web openings. The STM provided by ACI code 
overestimates the actual strength of the deep beams with web 
openings, while it is based on the lower bound theorem, adding 

a numerous error in the design based on ACI approach. For this 
reason, in this study, 7 deep beams were tested and the results 
were compared with the numerical finite element results 
implemented in Abaqus in order to investigate the opening 
effects on the load carrying capacity of the deep beams. The 
specimens shear strength is specimen-size dependent, it 
increases when size increase: 

�������	

� � ���������

��     (1) 

where V�������  is the load-carrying capacity, ultimate shear 
strength in deep beam without web opening, V���������  is the 
opening imaginary shear capacity, H is the depth of the beam, 
L it’s the shear span, E the opening width, and D the opening 

depth. From (1), we get: 

V��������� � ��

� 	 . V�������    (2) 

The shear strength for deep beam with opening			V�� �!: 
V�� �!"�������	#���������   

V�� �! � $1 & ��

�'		.		V�������     (3) 

Then, by comparing the tests results of 66 specimens 
modeled with Abaqus, with a wide range variety of opening 
depths and widths from 100mm to 800mm, and by trial and 
error procedure, the empirical equation was created. The results 
showed that the opening width has more effect than the 
opening depth on decreasing the ultimate capacity. Also, the 
load carrying capacity of the deep beam decreases as the ratio 
of the web opening size to shear span-to-depth of deep beam 
increases accordingly to the proposed equation. The inclusion 
of web opening width to the shear span ratio, which is the most 
influential factor on the shear behavior of the deep beam, into 
the proposed equation gives us: 

V�� �! � $(1 &
��

�� (1)

�
�* �'		.		V�������    (4)  

V��!�+, � $(1 & ��

�� (1)

�
�* �'		.		V���+,  

where: V������� �	V���+,  and 	V�� �! �	V��!�+,.  
The applicability of this equation is limited to deep beams 

with shear span to depth ratio of 0.95. The center of the 
openings is located at 0.45H from the soffit of the beam and the 
opening location at the inner quarter of the shear span. 
Regression analysis was conducted for the theoretical results 
and the effects of depth, width, and opening size to shear span 
to beam depth ratio on the shear strength of the beam and the 
results are shown in Figure 7. 

VI. FAILURE LOAD 

The calibration of the failure load obtained from the finite 
element analysis, the experimental work, and the proposed 
equation for deep beams with web openings in strut-and-time 
approach for each static tested specimen is shown in Table I. In 
the finite element analysis, the failure load is defined as the 
solution for a minimum increment of load that does not 
converge due to numerous cracks. Abaqus overestimates the 
failure load of the specimens since the finite element method 
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considers the modeled member as rigid bodies which show 
stiffer and stringer behavior than the real ones. The higher 
stiffness in the finite element models come from several factors 
adopted in the finite element analysis. A perfect bond is 
assumed between the steel bars and the concrete. In reality, 
there is a slip percentage that reduces the composite action 
between the steel bars and concrete [24]. Also, the finite 
element analysis ignores the micro crack effects that exist due 
to the drying shrinkage of the concrete that reduces the stiffness 
of the actual specimens. Thus, the overall stiffness of the finite 
element models is higher than that of the experimental ones.  

 

(a) 

 

(b) 

 

(c) 

 

Fig. 7.  Opening (a) depth, (b) width, and (c) size to shear span to depth 

ratio effect on deep beams. 

 

TABLE I.  COMPARISON OF THE FAILURE LOAD FOR THE 

EXPERIMENTAL, STM, AND FEM BEAMS 

Specimen 

Failure load, KN -./01
-234.

 
-2536
-234.

 
-234.  -2./01 -2536 

DP-48x36 260 226 280 0.86 1.07 

DP-48x48 200 189 210 0.94 1.05 

DP-48x60 156 157 170 1.00 1.08 

DP-60x36 210 201 230 0.95 1.09 

DP-60x48 172 150 180 0.87 1.04 

DP-60x60 135 120 150 0.89 1.11 

DP-Solid 495 400 546 0.80 1.10 

 

VII. CONCLUSION 

In this paper, seven full scale deep beams with different web 
openings were examined. The main variables studied were the 
effects of width and depth of the web openings on the 
performance of the deep beams. The following conclusions can 
be drawn from the findings of this study: 

• From the experimental results it can be noticed that 
increasing the width of the opening has more pronounced 
effect than the opening depth at reducing the load carrying 
capacity.   

• Increasing the opening width (i.e. increasing the E/L ratio 
from 0.4 to 0.67) reduces the load carrying capacity by 
about 50%, while increasing the opening depth (i.e. 
increasing D/H ratio from 0.48 to 0.6) led to a reduction in 
the load carrying capacity by about 28%. 

• The first visible inclined cracks normally appeared in the 
support bearing regions and formed toward the opening 
corner at load levels of about 20-30% of the ultimate load.  

• The calibrated numerical models indicated that load 
deflection response was stiffer than the experimental one 
and there was a good agreement in both trend and 
amplitude with variation in the load capacity by about 5% 
to 10%.  

• The strut-and-tie approach for the design based on ACI 
318-19 code provisions may over predict the shear strength 
of the deep T-beam with large opening up to about 125% of 
the actual capacity because it ignores the web opening 
effects.  

• The proposed empirical equation, based on the STM of the 
ACI code, showed good agreement with the experimental 
and numerical results of about 90%.  

The study recommends investigating the limits of the critical 
web opening size that turn the nonlinear behavior of deep 
beams into linear.  
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Abstract-Face recognition and name and gender identification 

are challenging processes, especially when identifying 

perpetrators and suspects or when used in authentication 

systems. Machine learning and computer vision technologies are 
used in many fields, including security, and play an important 

role in face recognition and gender detection, offering valuable 

information to officials to rectify a situation in less time. This 

study used a few machine learning methods in the Labelled Faces 

in the Wild (LFW) database to examine their facial recognition 

and gender detection capacities. The LFW dataset was used to 

train and evaluate the Scale Invariant Feature Transform (SIFT) 
feature extraction method along with the Support Vector 

Machine (SVM) classifier and the Local Binary Pattern 

Histogram (LBPH) method. The result comparison from the 

current and other studies showed that the proposed LBPH 

method had higher accuracy in face recognition, while its 

accuracy in gender detection was very close to the ones of other, 
relevant studies. 

Keywords-face recognition; gender detection; SVM; SIFT; 

LBPH 

I. INTRODUCTION  

Face recognition is one of the most important computer 
vision techniques [1, 2] and is considered a machine learning 
process. The ability to recognize human faces is complex in 
many circumstances, while it has been widely applied for 
personal identification, smart home access systems, and more. 
Gender classification is a hereditary technique to identify a 
person as male or female. Gender recognition is certainly a 
tough process for computers. Current work focuses on facial 
recognition and gender classification, which is a binary 
classification [3]. The current paper studies the use of Scale 
Invariant Feature Transform (SIFT) to extract features from 
face images and the application of Support Vector Machine 
(SVM) to classify face images and obtain a face recognition 

model [4]. Moreover, the Local Binary Pattern Histogram 
(LBPH) [5] feature extraction method was applied to the 
extracted object to create an intermediate image that describes 
better the original. 

II. RELATED WORK   

In [6], a new learning-based encoding method was used to 
encode the microstructures of a face using unsupervised 
learning approaches, unlike many previous manually created 
encoding methods (e.g. LBP or SIFT). The Associate-Predict 
(AP) is a model proposed in [7], built on a separate generic 
identity dataset that included numerous photos for each identity 
with a significant intra-personal variation. This study followed 
strictly the restricted protocol, which included PCA learning 
and SVM training. A new supervision objective method named 
"uniform loss" was presented in [8] to learn deep 
equidistributed representations for face recognition. Most 
existing methods encourage large interclass distances and small 
intra-class variations to learn discriminative face features, 
while the Softmax loss function has been also widely applied. 
Throughout the experiments, this study used the MXNet 
package and ResNet as the CNN architecture for all sets. In [9], 
the widely used SIFT and SURF algorithms were employed, 
which are widely used in face recognition due to their 
outstanding ability to handle a wide range of tasks. In [10], a 
better method was proposed for identifying human faces at 
various angles, side stances, and tracking during human 
motion. Furthermore, this study presented the LR500 dataset 
for training and classification and used the architecture of the 
LBPH algorithm. 

In [11], gender prediction was evaluated from ocular 
images captured in a mobile environment, using several 
textural descriptors in combination with SVM and Multi-Layer 
Perceptron (MLP) on a publicly available large-scale VISOB 
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dataset captured using mobile devices. The problem of 
detecting gender from faces in real-world images was studied 
in [12]. Faces from images were extracted, aligned, and 
represented using the LBPH and a face detector. Adaboost was 
used to select discriminative features and the boosted LBP 
features were applied to train an SVM with a recognition rate 
of 93.29%. The FDREnet for face detection through the 
histogram of oriented gradients was proposed in [13], using a 
Siamese technique and contrastive loss to train the deep 
learning architecture EmbedNet. Face detection and 
recognition were performed using Viola-Jones, PCA-LDA, and 
square Euclidean distance. SVM and KNN clustering were also 
applied in various types of data. A facial recognition 
application for a biometric system was introduced in [14], 
based on a Convolutional Neural Network. This study 
presented a Deep Learning model structure that can improve 
current state-of-the-art precision and processing time. This 
method and the proposed CNN achieved high-accuracy 
performance. 

III. METHODOLOGY 

This study applied different algorithms for face recognition 
and gender detection. At first, the SIFT feature extraction was 
used to extract features from face images and then SVM was 
applied to recognize faces. Moreover, the LBPH algorithm was 
applied for face recognition. Two different algorithms were 
used for gender detection: SVM and LBPH. Figure 1 shows the 
steps of the methodology. 

 

 
Fig. 1.  Steps for face recognition and gender prediction using SIFT, 

LBPH and SVM. 

A. Scale Invariant Feature Transform (SIFT) Feature 
Extraction 

Feature extraction is an essential part of a computer vision 
application that recognizes objects in an image [15]. SIFT was 
used to extract features from face images, and then SVM was 
applied to classify the face images and get the face recognition 
model. SIFT locates the local features of an image that are not 
affected by operations like object scaling and rotation, by 
taking an image as input and converting it into a large group of 
local feature vectors commonly known as the key points [16]. 
The extracted features are scale and orientation invariant, and 
they are highly distinguishing the image. This process includes 
four steps. The first step detects the maxima and minima of a 

set of Difference of Gaussian (DoG) filters applied at different 
scales all over the image to compute the locations of probable 
interest spots with a total of 26 neighbors for each pixel (key 
point). The positions are then refined by removing low-contrast 
points. Then, each key point is given an orientation based on 
local image attributes [17]. Finally, a local feature descriptor is 
computed for each key point. A SIFT feature extractor was 
created using the function cv2.feature2d_SIFT() and then 128 
features from the face image were calculated.  

B. Local Binary Pattern Histogram (LBPH) 

The LBPH method was proposed in 2006 and is widely 
used due to its discriminative power and computational 
simplicity [18]. The LBP histograms from each sub-region are 
concatenated into a single histogram with spatial advanced 
characteristics, defined as: 

��,� ���		
�
�,

��, �� � ��			����, ������, 

� � 0,… , � � 1, � � 0,… ,� � 1 

The LBPH method was used to train the face recognition 
model. An LBPH recognizer was created using the function 
cv2.face.LBPHFaceRecognizer_create() and trained with the 
training dataset. After training, the accuracy of the model was 
tested. 

C. Support Vector Machine (SVM) Classifier 

SVMs are a collection of supervised learning algorithms for 
classification and regression that are members of the 
generalized linear classification family [19]. SVM is a binary 
classification approach that uses the concept of structural risk 
reduction to identify the best linear decision surface. The 
decision surface is a weighted mixture of the training set's 
features [20]. After extracting the features using SIFT, 
GridSearchCV was used to find the best parameters in the 
SVM method, and then the SVM model was trained for face 
recognition. 

D. Gender Detection 

This detection model was used on the LFW dataset from 
the Scikit-learn package. At first, the images from the dataset 
were read to increase the accuracy of the model, and only 
images of people who had more than five images were used. 
The SVM and the LBPH models were used with different 
datasets. The first step in the implementation was to create two 
separate lists for males and females, and the second step was to 
detect the gender: if the output was 0, it was male, while if it 
was 1, it indicated a female. 

IV. EXPERIMENTS 

This section describes the framework setup and the LFW 
data overview, which includes information on each attribute, 
feature correlations, and data pre-processing.  

A. Experimental Setup 

All algorithms were executed in a PC having MS Windows 
OS and an Intel Core i7-10510U processor at 1.80GHz. The 
Jupyter Notebook is a non-profit open-source software that has 
grown to support collaborative data science. The Python 
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programming language was used to manage and execute the 
models using Jupyter [21]. The NumPy libraries offer high-
performance, easy-to-use data structures, and data processing 
resources for Python. NumPy was used to convert string to 
numerical values [22]. In addition, Scikit-learn, a widely used 
Python-based machine learning library, was used to split the 
dataset into training and testing [23] sets. As a result, the data 
were split into 75% for training and 25% for testing. 

B. Data Description  

The Labeled Faces in the Wild (LFW) database was 
designed to study the problem of unconstrained face 
recognition [24]. The database contains 13,233 face images 
collected from the web. Each image is labeled with the name of 
the person. The database contains images of 5749 different 
people, while 1680 people have two or more images in the 
database. These images are available in 250×250 pixel JPEG 
files. Most images are in color, although a few are in grayscale. 
All images are the result of detections using the Viola-Jones 
face detector [25]. 

C. Data Pre-Processing 

The train-test split is a strategy for testing the output of a 
machine-learning algorithm and can be used with any 
supervised learning algorithm for classification or regression 
problems [26]. The SIFT feature extractor calculated 128 
features from each face image. There were no needless or null 
images that needed to be removed from the dataset. To increase 
the accuracy of the face recognition model, a subset of the 
original dataset, that contains people with more than 70 images, 
was used. On the other hand, in order to increase the accuracy 
of the gender detection model, a subset of the original dataset 
was used containing people with more than 5 images. After 
pre-processing, the dataset was split into the training (75%) and 
testing (25%) subsets. 

V. RESULTS AND DISCUSSION 

A. Experimental Results 

After data-preprocessing, the face recognition and gender 
detection algorithms were applied: 

• The SIFT feature extraction and SVM classifier were used 
in face recognition, achieved 65% accuracy in 1288 
samples, extracting 128 features from each face image, and 
using 7 classes. 

• The LBPH was applied in face recognition, achieving an 
accuracy of 88%. 

• SVM was applied to detect the gender from the images. The 
number of samples was 5985, having 2 classes, and the 
model achieved an accuracy of 82%. 

• The LBPH algorithm was used for gender detection, on the 
same samples, and achieved an accuracy of 91%. 

B. Comparison with Previous Works 

Table I shows the result comparison for face recognition 
and gender detection techniques of the current and previous 
studies. Comparing the acquired results with the ones of 
previous studies showed that LBPH had the highest accuracy of 

88% on face recognition, while the same method showed a 
very close to [12] accuracy (91%) on gender detection. The 
lack of many images per person in the dataset caused some 
difficulties during face recognition while using SVM, as the 
method requires a large number of images per person to train. 

TABLE I.  RESULT COMPARISON 

Feature extraction and face recognition 

Paper Methodology Accuracy% 

[7] PCA 84.45% 

[8] PCA - SVM 86.83% 

[9] CNN 79.98% 

[10] SIFT 71.1% 

Current study 
SIFT - SVM 65.8% 

LBPH 88% 

Gender detection 

[12] LBP - SVM 93.29% 

Current study 
SVM 82.8% 

LBPH 91% 

 

VI. CONCLUSION 

An accurate implementation of facial recognition can 
recognize human faces for identification or authentication 
purposes and be utilized in many areas, such as security 
systems. This study used the LFW dataset to evaluate the use of 
the SIFT feature extraction technique with the SVM and the 
LBPH method for face recognition and gender detection. The 
results showed an accuracy of 65% for SIFT with an SVM 
classifier, while the use of LBPH had an accuracy of 88% in 
face recognition, outperforming previous studies. Furthermore, 
the LBPH offered an accuracy of 91% in gender detection. The 
accuracy of both face recognition and gender detection 
methods can be increased by increasing the number of images 
during training. 
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Abstract- Higher Power Quality (PQ) is a common demand of 

sensitive industrial customers. PQ issues are gaining attention 

from both end-users and electrical utility companies since they 

are generating significant economic losses to sensitive industrial 

loads. Voltage sags/swells are the most significant and usually 

occurring PQ issues in a secondary distribution system. Dynamic 
Voltage Restorer (DVR), is a fast, flexible, effective, and dynamic 

Custom Power Device (CPD), that can be used to eliminate 

voltage sags and swells. Its performance is mostly determined by 

the control strategy established for switching Voltage Source 

Converters (VSCs). This research work develops a fused control 

method for VSC of DVR based on the Real-Twisting Algorithm 
(RTA) and Sliding Mode Control (SMC) that successfully 

eliminates the impacts of voltage sags/swells. RTA along with the 

conventional SMC reduce the effect of chattering, which is a 

disadvantage of SMC while retaining its additional qualities like 

robustness, quicker response time, and insensitivity to load 

variations. To evaluate the performance of the proposed control 

approach, the MATLAB/Simulink SimPower System toolbox was 
employed. According to the simulation findings, the Real 

Twisting Sliding Mode Controller (RTSMC) for DVR can detect 

and mitigate voltage sags/swells within 2.5ms which is much 

lower than the allowable limit of 20ms as per semiconductor 

industrial equipment voltage sag immunity standard (SEMI F-47 

standard) for sensitive loads. Total Harmonics Distortion (THD) 

is determined to be less than 5% in all simulated instances. A 
comparative study is also performed between the conventional 

SMC and the suggested RTSMC, revealing that the proposed 
method outperforms the classical SMC. 

Keywords-dynamic voltage restorer; power quality issues; 

sliding mode control; real-twisting algorithm; voltage sag/swell 

I. INTRODUCTION  

Power Quality (PQ) is a key problem of today's power 
systems, since it may have an impact on sensitive loads and 
utilities [1-2]. Most of the industrial devices are typically based 
on electronic devices like the programmable logic controller, 
microprocessors, computers, and adjustable speed drives that 
are very sensitive to variations such as voltage sags/swells and 
harmonics [3]. As the Distribution System (DS) is the weakest 
link in a power system, these PQ problems have a higher 
impact on it [4-5]. To mitigate these issues, Custom Power 
Devices (CPDs) like the Dynamic Voltage Restorer (DVR), the 
Active Filter (AF), the Unified Power Quality Conditioner 
(UPQC), and the Distribution Static Synchronous Compensator 
(DSTATCOM) are some of the most often utilized power 
devices [6]. DVR, due to its superior performance, is regarded 
as the best solution for minimizing the PQ issues. It is a fast, 
dynamic, and efficient technology that is employed to 
effectively mitigate voltage magnitudes [7]. Several control 
schemes, e.g. state feedback, self-tuning, Instantaneous 
Reactive Power (IRP) theory, direct quadrature (dq), reference 
adaptive model, phase shift control, vector template method, 
PCC regulated voltage, instantaneous symmetrical components, 
DC-link with Proportional-Integral (PI) controller, 
Synchronous Reference Frame (SRF) theory, feedback, 
feedforward, phase shift control, PI resonant, P + resonant, 

Corresponding author: Mian Farhan Ullah



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8300-8305 8301 
 

www.etasr.com Shah et al.: Power Quality Improvement using Dynamic Voltage Restorer with Real Twisting Sliding … 

 

Artificial Neural Network (ANNs), Fuzzy Controller (FC) are 
used as VSCs of the DVR [8-11]. All these control schemes 
have advantages and disadvantages, when it comes to 
generating a clean sinusoidal AC waveform at the DVR's VSC 
output. They're constructed for creating a highly precise 
linearized mathematical model of the system that performs well 
under certain operating circumstances. On the other hand, these 
control techniques are unable to provide optimal performance 
when system parameters change. As a result, an efficient and 
robust control system is required, capable of performing 
functions with high precision and stability in dynamic 
conditions. The SMC for DVR overcomes these problems 
because it is not sensitive to changes in system parameters and 
does not require an exact mathematical model of the system, 
but it has an important disadvantage, named the chattering 
effect [12]. In order to avoid the chattering effect, some 
algorithms such as real-twisting, super-twisting, optimal, sub-
optimal, global, integral, and state-observer algorithm have 
been used [4, 13-15]. Among these algorithms, the real-
twisting algorithm has the upper hand due to its stability, 
robustness, and high tracking accuracy with less chattering 
effect. 

In this research, an SMC control strategy based on the 
second order RTA for VSC of DVR is presented, which can 
successfully prevent the impacts of voltage sags/swells in 
distribution systems and decrease chattering, which is a 
drawback of the traditional SMC. RTSMC and DVRs can 
successfully minimize the percentage of THD and voltage 
disturbances according to [16], using the MATLAB/ 
SIMULINK software platform.  

II. MATHEMATICAL MODELING OF DVR IN A DISTRIBUTION 

SYSTEM 

A DVR is a power electronics switching device, connected 
in series with the distribution line in order to inject the 
desirable controlled voltage. Figure 1 depicts the generalized 
DVR model as well as the way it is linked to the grid. DVR 
essentially consists of an energy storage unit and a control 
system, with a VSC linked in series with grid through a 
boosting injection transformer. 

 

 
Fig. 1.  Generalized single line model of DVR in the distribution network. 

The equivalent circuit diagram of DVR is shown in Figure 
2, where load voltage is represented by VL and source voltage is 
represented by Vsource, so the voltage inserted by DVR Vdvr can 
be written as: 

L source dvrV V V= +     (1) 

Cfc and Lfc are the filter parameter as shown in Figure 2. The 
filter capacitor current ifc can be defined as: 

dvr
fc fc

dV
i C

dt
=     (2) 

 

 

Fig. 2.  Equivalent circuit diagram of DVR. 

Now, KCL is applied at node (al) in the given Figure 2, the 
result is: 

0s fl fci i i− + =     (3) 

In (3), is represents the source current, while ifl and ifc are 
representing the filter inductor and capacitor current 
respectively. Now, putting the value of ifc in (3), gives (4) and 
after simplification, we get (5): 

0dvr
s fl fc

dV
i i C

dt
− + =     (4) 

( )fl sdvr

fc

i idV

dt C

−
=     (5) 

The DVR first state equation is produced in (5). To 
generate the second state equation, KVL is applied in Figure 2 
at closed loop. So: 

–  0V V V
dvr fl in

+ =     (6) 

where Vin is the output AC voltage of VSC, Vdvr is the voltage 
injected by the DVR, and Vfl is the voltage across the inductor, 
given in (7). By putting (7) in (6), we get (8), and, after 
simplification, we get (9): 

fl

fl fl

di
V L

dt
=     (7) 
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0
fl

dvr fl in

di
V L V

dt
+ − =     (8) 

( )fl in dvr

f

di V V

dt L

−
=     (9) 

Therefore, the state space model of the series connected 
DVR is shown in (10): 

1 1
0 0

1 1
0 0

fl flfl lf s

dvr dvr in

fc fc

L Li i id

V V Vdt

C C

−   
   

        = +        −        
      

 (10) 

where ifl and Vdvr are the state variables while is and Vin.are the 
the input variables. 

III. DESIGNING THE SECOND ORDER RTSMC 

Two steps are necessary for the implementation of SMC. 
The first is selecting the sliding surface. The DVR displays the 
desired performance when the state trajectory is pushed on the 
specified sliding line. The second stage is to drive the system's 
state to reach and remain on the chosen sliding surface in a 
finite period. Hence, the difference between the reference 
voltage and the voltage inserted by the DVR is the standard for 
the suggested procedure for the sliding surface as given in (11). 
After this, a comparator is applied on the sliding surface (S) 
with ±c reference quantity. After the comparator, the produced 
value is passed through the multiplexer. The aim of passing a 
signal via a multiplexer is to apply the law of switching to a 
single signal, and then to apply the control law to the surface. 

err err

d
S V k V

dt
= +     (11) 

To bring the state variable on the sliding surface and to 
ensure the existence of operation, the given conditions must be 
satisfied: 

0S =     (12) 

0S =&     (13) 

The switching law can be written as: 

( )
1  

 
1  

if S c
x t

if S c

+ > +
= 

− < −
    (14) 

In (14,) x(t) is the switching control, and c is a constant. If 
we get x(t)  =+1 then two switches sw1 and sw2 are on. If we 
get x(t)  =-1 then the other two switches, sw3 and sw4, are on. 
On the bases of this control law, a gating signal is produced for 
the VSC. The VSC produced the required magnitude of voltage 
and inserted it with the help of the injection transformer. Thus 
the control strategy used in this paper senses and corrects faults 
like sags and swells in a short time, i.e. 2.5ms. The state 
trajectory in an ideal SMC is aimed at the sliding manifold with 
an infinite switching frequency. On the other hand, real power 
converters cannot work at an infinite switching frequency. As a 
result, the state trajectory does not go to the origin S=0 and 
instead follows a discontinuous surface with undesirable 
oscillations, also known as chattering. The system's un-
modeled dynamics can be stimulated by such oscillations. 
Therefore RTA is utilized in SMC to remove the chattering 
effect. The block diagram of SMC along RTA is shown in 
Figure 3.  

 

 

Fig. 3.  Sliding mode block diagram. 

By applying the RTA on the sliding surface, the switching 
law gives the modified input of control Z as given in (15): 

( )1 2 ( ) Z n sign s n sign S
•

= − −     (15) 

To remove the undesirable switching components, two 
tuning constants, n1 and n2, are used in the control law of RTA. 
The sliding manifold term sign(s), removes the switching 
frequency of the components to increase the life of switches. 
When the designed sliding surface s is greater or less than zero, 
the sign function sign(s) of the sliding manifold gives the +1 
and -1 output respectively. The total effect of RTA on SMC 
results in less chattering effect, faster response, and robustness 
against external parameter variations. 

IV. SIMULATION RESULTS AND DISCUSSION 

To test the efficiency of the RTSMC for DVR in 
Matlab/Simulink, a test system was developed. The parameter 
details are given in Table I. Figure 4 depicts the suggested 
distribution system that was used to model and simulate the 
DVR using the RTSMC. Three-phase programming source 
produces voltage sags/swells in the distribution test system 
which are then corrected by the DVR. The following analysis is 
carried out to evaluate the effectiveness of the suggested 
control approach. 

• Voltage sag/swell mitigation. 

• Total harmonic distortion. 
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Fig. 4.  A three phase system with connected DVR. 

TABLE I.  PARAMETERS OF THE DISTRIBUTION TEST SYSTEM 

Parameter description Values 

Grid voltage(phase-phase) 400 V 

Frequency of the system (fo) 50 Hz 

Impedance of line (Rs, Ls) 0.8929 Ω, 16.58 mH 

Loads Rating (3Ø) Linear Load: P = 10 kW, Q = 1 kvar 

Switching constant ±c 0.1 

Energy storage(DC) 40v 

LC-Filter: Lf, Cf 1.8 mH, 5.5 µF 

Power rating for coupling transformer  100 kVA 

Control action RTSMC 

SMC gain γ 0.142 µ 

Switching frequency (Fs) 10 kHz 

Solver for simulation Ode23tb (stiff/TR-BDF2) 

Time of sampling 5 µsec 

Filter cutoff frequency 405 Hz 

RTSMC tuning gains, n1 and n2 0.5 and 0.5 

 

The RTSMC does not provide any switching signal to run 
the DVR when the system voltage does not change (normal 
state). When the voltage of the system deviates from its 
tolerated range, the controller begins to operate. RTSMC 
operates in the following manner: 

• Detect voltage sags/swells. 

• Compute the voltage sags/swells (percentage). 

• Determine the signal of the switching control. 

• Generate the switching signal (PWM) for VSC to activate 
source and load voltage. 

• Generate the necessary switching signal uninterruptedly to 
ensure that voltage sags/swells are compensated. 

• Terminate the switching PWM signal, when the voltage 
sag/swell is resolved. 

A. Voltage Sag Mitigation 

Due to the sudden switching ON of the sensitive load at the 
supply-side, a three-phase balanced voltage sag of 30% occurs. 
This sag starts at 0.1s and ends at 0.2s, as displayed in Figure 
5(a). The controller is used to correct the disturbance. During 
normal operation, if there is no sag then no voltage is inserted. 

Once a fault occurs (voltage sag), the controller will detect it 
and evaluate its magnitude. 

 

 
Fig. 5.  Voltage sag waveform before and after mitigation: (a) Source 

voltage with 30% sag, (b) voltage injected by the DVR to mitigate the sag, (c) 
the compensated load voltage. 

 
Fig. 6.  THD value of the compensated load voltage under voltage sag for 

phase A. 

The fault (voltage sag) is corrected in a very small duration 
of time (2.5ms) as compared to the allowable limit of IEEE 
standard that is 20ms. Figure 5(b) shows that DVR injects only 
the missing value to eliminate the unnecessary high frequency 
element by utilizing a low pass filter. The pure and sag free 
compensated system voltage is shown in Figure 5(c). The 
compensated voltage THD value is given in Table II and 
Figure 6. The harmonic content which is present in load 
voltage is lower than 5% which is proposed by the IEEE 
standard 1159-1995. 

B. Voltage Swell Compensation 

Due to the switching OFF of sensitive load, a 30% swell is 
produced in the three-phase source voltage, which starts at 0.1s 
and ends at 0.2s as shown in Figure 7(a). The simulation result 
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shows that the good and quick feedback of sliding mode retains 
the load voltage of the sensitive load according to the ITIC 
standard. Due to the voltage swell, the distortion in the supply-
side voltage is corrected in 2.5ms which is very small time 
duration, as shown in Figure 7(b). After the compensation, the 
system voltage is shown in Figure 7(c) with a magnitude of 
1pu. The compensated voltage THD value is given in Table II 
and Figure 8. This value is less than the IEEE standard value. 

 

 
Fig. 7.  Voltage swell waveform before and after mitigation: (a) Source 

voltage with 30% swell, (b) voltage injected by DVR to mitigate swell, (c) 
compensated load voltage. 

 
Fig. 8.  THD value of compensated load voltage under voltage swell for 

phase A. 

TABLE II.  THD VALUES BEFORE AND AFTER COMPENSATION 

Disturbances Phase A Phase B Phase C 

THD when voltage sag occurs 10.59% 11.83% 11.82% 

THD when voltage sag is resolved 1.13% 4.62% 4.05% 

THD when voltage swell occurs 8.70% 9.71% 9.69% 

THD when voltage swell is resolved 1.83% 4.91% 4.51% 

 

In this research, an SMC control scheme based on a second 
order RTA for VSC of DVR is proposed and implemented, 

which can successfully prevent the impacts of voltage 
sags/swells in distribution systems and decrease chattering, 
which is a major drawback of the traditional SMC. RTSMC 
with DVRs successfully minimizes the percentage of THD and 
voltage disturbances as per IEEE standards.  

In Table III, the proposed RTSMC is compared with the 
classical SMC, revealing that the proposed method with SMC 
outperforms the classical SMC in terms of voltage sag/swell 
recovery, THD, transients, and multimode oscillations. 

TABLE III.  PROPOSED RTSMC-SMC COMPARISON 

Parameter RTSMC SMC 

Voltage sag/swell 

recovery (p.u.) 
Excellent Good 

Voltage sag/swell 

recovery (s) 
2.5 ms 4 ms 

THD Between 1% to 4% Between 2% to 8% 

Transients Fewer More 

Robustness Excellent Excellent 

Multi-mode oscillations Fewer Observed 

 

V. CONCLUSION 

In this paper, an SMC technique based on RTA for three-
phase DVR is presented. The suggested control mechanism 
eliminates chattering, while attains constant switching 
frequency. As a result of using RTA in DVR control, a 
continuous control input is generated, which can be contrasted 
to the triangular carrier signal to generate pulse width 
modulation signals. To evaluate the performance of the 
suggested control approach, the MATLAB/Simulink SimPower 
System toolbox is employed. According to the simulation 
outcome, the designed RTSMC for DVR effectively corrects 
voltage sags/swells and provides the required power within 
2.5ms with THD less than 5% for sensitive loads using the 
ITIC curve and the SEMI-F-47 standard. The suggested control 
approach provides faster response, less disturbances, and better 
of sag/swell voltage adjustment. A comparative study was 
performed between the conventional SMC and the suggested 
RTSMC, revealing that the proposed method outperforms the 
classical SMC. 
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Abstract-Rapid economic development has caused many 
disturbing problems in many countries. Waste disposal is a 

prominent one of those problems. Waste incineration has 

gradually become the most popular treatment method. Waste 

incineration has many advantages, such as processing capacity, 

short period, recycling and utilization of resources, etc., but it 

also produces a lot of incineration bottom slag. Landfilling is one 

of the methods for waste incineration bottom slag treatment. 
However, many domestic waste landfill sites no longer accept 

incineration bottom slag. Therefore, finding sufficient ways to 

deal with the incineration bottom slag has become an urgent 

problem. With the increase of environmental pressure and the 

development of technology, the beneficial use of incineration 

bottom slag has been gradually considered. Municipal solid waste 
incineration bottom slag is an atypical particulate material, 

similar to some construction materials of civil engineering. For a 

construction material, basic physical properties and engineering 

properties are important factors in its performance. However, 

there is limited research about the engineering performance of 

incineration bottom slag. The purpose of this paper is to 

investigate the basic physical and mechanical properties of the 
incineration bottom slag from one incineration plant in Wuhan 

and provide a theoretical basis for its application in civil 

engineering. Through laboratory tests, we found that the 

incineration slag completely meets the engineering requirements 

and is harmless to the environment. The incineration bottom slag 

can be used for road embankment filling, sludge dewatering 

treatment improvement, landfill site covering, it can substitute 
aggregates in concrete, etc.  

Keywords-municipal solid waste incineration bottom slag; 

beneficial reuse; civil engineering; engineering properties; 

laboratory test   

I. INTRODUCTION  

With the rapid economic development, people's living 
standards have improved significantly while the population 
density has increased along with the output of domestic waste. 
Approximately 2 billion tons of domestic waste are produced 

globally each year [1]. In 2016, the production of waste was 
about 200 million tons in China, as shown in Figure 1, with a 
yearly increase of 5.99%. Traditional domestic waste treatment 
methods mainly include composting and centralized sanitary 
landfills. However, composting treatment has problems such as 
long cycles, sanitary conditions, and secondary pollution. 
Sanitary landfill is often limited by the landfill site resources. 
However, compared with compost treatment and sanitary 
landfills, the waste incineration treatment technology has the 
advantages of short treatment cycle, high treatment efficiency, 
small footprint, and high degree of harmlessness [2-6]. With its 
unique technical advantages, waste incineration treatment has 
gradually become a popular waste treatment technology. 
During the recent years the proportion of domestic waste 
treated by incineration has increased. The residue produced by 
the incinerator is called incineration ash. China generally 
divides garbage ash into two categories: incineration bottom 
slag and fly ash. The incineration bottom slag content is about 
80% of the ash slag, and the fly ash is accounted for the 20%.  

The research on the incineration bottom slag of domestic 
waste incineration has a long history, and the domestic research 
on the bottom slag of waste incineration started relatively late. 
Authors in [8] comprehensively introduced the main 
components of waste incineration ash and did related research 
on basic inorganic chemical properties, organic chemical 
properties, and heavy metal leaching toxicity. Authors in [9] 
studied the compaction properties of cohesive soil coarse-
grained soil through experiments. The test results showed that 
the coarse-grain content greatly affects the compaction 
properties of the soil. When the coarse-grain content is 50%-
70%, the compaction effect is ideal. Authors in [10] conducted 
an experimental study on the improvement of the bottom slag 
and clay mixed soil and found that when the content of coarse 
particles in the coarse-grained soil is small, the maximum dry 
density changes little with the increase of its content. When the 
content of coarse particles further increases, the density 
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gradually increases, and the dry density reaches its maximum at 
60%. Authors in [11, 12] conducted compaction tests on a 
mixture of bottom slag and clay of a certain incineration power 
plant and found that the waste incineration bottom slag belongs 
to coarse-grained soil, it is poorly graded, but its particle 
gradation is easy to modify, and the bottom slag soil mixed 
with a certain amount of clay shows good compaction 
characteristics. In addition, the tests also showed that the clay-
bottom slag mixed soil has good shear resistance. 

 

 
Fig. 1.  Harmless treatment of domestic garbage in China during 2006-

2016. 

Authors in [13] analyzed the material properties of the 
incineration bottom slag and explored the influence of water 
content on the strength of the incineration bottom slag through 
ultrasonic tests, saturated triaxial tests, and unconfined 
compressive strength tests. Authors in [14] studied the strength 
of the incineration bottom slag through triaxial tests and 
reported that the organic matter content greatly affects its 
elastic deformability. Authors in [15] analyzed the element 
composition and microstructure of the incineration bottom slag. 
Authors in [16] conducted a solidification experiment on the 
bottom slag-sludge mixture. Authors in [17] analyzed the 
potential thoroughfare of incineration bottom slag in road 
construction through direct shear tests and three-axis analysis. 
Regarding the resource utilization of incineration bottom slag, 
foreign research started earlier and is relatively systematic. At 
present, the resource utilization of incineration bottom slag has 
not been systematically analyzed in China. 

This paper aims to conduct a systematic study on the basic 
physical properties and engineering characteristics of 
incineration bottom slag and provide a theoretical basis for its 
utilization in civil engineering. The article will mainly analyze 
the basic physical property tests (screening test, density test, 
water content test, limit water content test, and specific gravity 
test), mechanical properties (compaction test, direct shear test, 
and load-bearing ratio test), and the environmental impact. 
Based on the research findings, further analysis of the direction 
in which the incineration bottom slag can be used as a resource 
is conducted. 

II. BASIC PHYSICAL PROPERTIES OF INCINERATION BOTTOM 

SLAG 

Due to the regional differences in waste classification and 
waste composition, the composition of waste incineration 

bottom slag varies greatly. The composition of the incineration 
bottom slag largely determines its performance and affects its 
engineering applications. 

First, the basic physical properties of the incineration 
bottom slag were analyzed. The sample was taken from a 
garbage incineration plant in Wuhan, China. The bottom slag 
was off-white and light brown when the water content was 
high. The incineration bottom slag contained a lot of ceramic 
and glass fragments. The basic physical properties of the 
measured incineration bottom slag include specific gravity, 
water content, particle gradation, and limited water content. 
The measured parameters were compared with natural gravel 
and other building materials. The test operation rules and 
procedures were carried out following the standard soil test 
method (GB/T 50123-2019) [18] and highway soil test 
regulation (JTGE40-2007) [19]. 

A. Specific Gravity Test 

The specific gravity of a solid refers to the ratio of the 
density of the substance in a fully compacted state to the 
density of pure water at 4°C under standard atmospheric 
pressure. It is a dimensionless value and is generally affected 
by temperature and pressure. The specific gravity can represent 
the relative density of the soil, which is often used in 
engineering to calculate its compactness. 

TABLE I.  SPECIFIC GRAVITY OF INCINERATION BOTTOM SLAG 

Temperature 

(
o
C) 

Specific 

gravity of 

water 

Mass of 

solid 

(g) 

Mass of 

equal volume 

of water (g) 

Gs 
Average 

Gs 

22.2 0.997724 30.12 11.02 2.72 

2.71 22.2 0.997724 30.06 11.04 2.71 

22.0 0.997769 29.89 11.00 2.71 

 

The results show that the average specific gravity of the 
waste incineration bottom slag is 2.71. The detailed results are 
shown in Table I. In general, the specific gravity of sandy soil 
lies in the range of 2.65-2.69, the specific gravity of silt is in 
the range of 2.70-2.71, the specific gravity of silty clay is in the 
range of 2.72-2.73, and the specific gravity of clay is in the 
range of 2.74-2.76. It can be seen that the specific gravity of 
the bottom dross is close to that of the silty clay. 

B. Particle Analysis Test 

Particle gradation refers to the relative content of each 
particle group. The particle size gradation of the soil affects its 
strength, permeability, and frost resistance. A well-graded soil 
can achieve a higher degree of compaction and has better 
mechanical properties. Poorly graded soil has many larger 
pores and good permeability. It can be used in drainage 
structures and filter layers in engineering. The particle 
gradation analysis result of the bottom slag is shown in Figure 
2. The average particle size of the bottom slag (i.e. D50) is 
2.0mm, and the particles in the sample with a particle size in 
the range of 1-60mm account for 52.97% of the total mass of 
the incineration bottom slag sample. The content of particles 
with a particle size of less than 0.1mm is 3.47%. It can be seen 
that the bottom slag is sandy soil, so it belongs to coarse-
grained soil. 
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Fig. 2.  Gradation curve of bottom slag particles. 

The uneven coefficient of the bottom slag was calculated as 
Cu > 5 and belongs to the inhomogeneous category. The 
curvature coefficient was Cc < 1, the bottom slag particle size 
is discontinuous, and it also can be seen from Figure 2 that 
two-particle groups, i.e. 0.075-0.1mm and 1-2mm are missing. 
In summary, the incineration bottom slag belongs to poor 
gradation. 

C. Water Content Test 

Water content refers to the ratio of the mass of solids to the 
mass of water in the sample. It can be seen from the test results 
that the natural air-dried water content of the incineration 
bottom slag is 6.3%. Considering that the water content of the 
incineration bottom slag is greatly affected by the stacking time 
and location, the impact of the water content in engineering 
applications is negligible. 

D. Atterberg Limits Test 

The water content between the two consistencies of 
cohesive soil is called the Atterberg limit content of the soil. 
The Atterberg limit water content from the plastic state to the 
liquid state of the soil is called the liquid limit, and the 
Atterberg limit water content between the plastic state and the 
semi-solid state is the plasticity limit. Through the Atterberg 
limits water content test, the liquid limit and plastic limit of the 
soil can be determined, the state of the soil can be evaluated, 
and the classification of the soil can be clarified. The test 
results show that the liquid limit of the incineration bottom slag 
is 26.5%, and the plastic limit is 3.6%. The plasticity index is 
22.9%, and the liquid limit index is 0.11. The incineration 
bottom slag is in a hard plastic state under the sampling state, 
and its plasticity is not strong. 

III. ENGINEERING CHARACTERISTICS OF THE INCINERATION 
BOTTOM SLAG 

A. Proctor Compaction Test 

Seven different sets of compaction tests were carried out to 
analyze the compaction characteristics of the incineration 
bottom slag. By applying different compaction works to soil 
samples with different water content, they can reach different 
degrees of compaction. The corresponding dry density was 
determined, in order to obtain the optimal moisture content and 
maximum dry density through analysis, which can be used for 
the design and construction of backfill projects. 

 
Fig. 3.  Curves of water content and maximum dry density. 

The relationship between the water content of the 
incineration bottom slag and the maximum dry density curve is 
shown in Figure 3. The best water content of the incineration 
bottom slag under heavy compaction test conditions is 11%, 
and the maximum dry density is 2.05g/cm3. It can be seen that 
when the water content of the incineration bottom slag is lower 
than 11%, the soil quality is relatively uniform, the strength is 
high, so it is not suitable for compaction, and additional 
settlement is likely to occur when the soil samples are 
immersed in water. When the incineration bottom slag is in a 
state where the water content is greater than 11%, the soil 
structure is dispersed, has strong plasticity, and a strong ability 
to adapt to deformation, but it has low strength and strong 
anisotropy. In summary, when the incineration bottom slag is at 
a suitable water content, it can show good compaction, strong 
plasticity, and high strength. 

B. Direct Shear Test 

The direct shear test is a simple and effective method to 
determine the shear strength of the soil. The maximum shear 
stress of the soil under different vertical loads and pressures 
was determined, and finally two important shear strength 
indexes of soil were obtained, cohesion c and friction angle φ, 
which can be used as an important theoretical basis for 
evaluating soil bearing capacity. The relationship curve 
between the shear strength of the bottom slag and the vertical 
pressure is shown in Figure 4. According to the analytical test 
results, the friction angle of the bottom slag is 31.8°, and the 
cohesion is 41.2kPa. 

 

 
Fig. 4.  Relationship between shear strength and vertical pressure. 
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C. CBR Test 

The California Bearing Ratio (CBR) test evaluates the load-
bearing capacity of the soil material through the use of a probe 
of a specific size to penetrate the soil sample. The bearing ratio 
is a value that characterizes the ability of a material to resist 
local deformation. It refers to the ratio of the unit pressure 
when the penetration amount reaches 2.5mm or 5mm to the 
load strength when the standard crushed stone sample is 
pressed into the same penetration amount. 

 

 
Fig. 5.  Relationship between water content and penetration. 

The relationship between water content and penetration is 
shown in Figure 5. From the relationship between water 
content and the CBR value, it can be seen that the CBR value 
changes parabolically with the change of water content. The 
parabola reaches the highest point at the optimal water content, 
and the maximum CBR value is obtained. For bottom slag 
samples with the same water content, the higher the 
compaction times, the greater the CBR value. When the water 
content is the same, the more compaction times, the greater the 
unit compaction work received by the sample, the higher the 
degree of compaction, and the stronger the bearing capacity, 
which is manifested by the gradual increase in the CBR value. 

IV. ENGINEERING APPLICATION ANALYSIS 

A. Embankment Backfill 

In highway construction, a large amount of earthwork is 
needed to fill the roadbed and the pavement. From the 
aforementioned screening and compaction tests, it can be seen 
that the bottom slag has good framework and compaction 
performance. According to the relevant standards of highway 
quality acceptance, the maximum compaction degree of the 
first-class expressway is required to reach 96% under heavy 
compaction conditions, and 95% for the second-class highway. 
It can be seen from the compaction test that the compaction of 
the incineration bottom slag can reach 97% under the 
conditions of the heavy compaction test, which means it meets 
the highway quality acceptance standard. 

B. Binder Admixture 

In many silt treatment projects, due to the characteristics of 
high water content, weak permeability, and low strength of silt, 
its processing efficiency is greatly hindered. The bottom slag of 
waste incineration is different from sludge. It has a porous 
surface, strong water absorption, high strength, and a certain 

amount of pozzolanic activity. If the aggregate properties of the 
incineration bottom slag, higher water absorption, and 
pozzolanic activity are considered, the waste incineration 
bottom slag can be mixed into the sludge and improve its 
mechanical properties and increase its volume. Therefore, the 
treatment efficiency can be improved significantly. From the 
results of particle size analysis, it can be seen that the content in 
particles larger than 5mm in the bottom slag is 70.15%, while 
the content of particles smaller than 5mm is only 29.85%. 
Therefore, the size of the incineration bottom slag is above 
4.75mm, which meets the requirements of GB/T14685-2011 
[23]. It can be used as a gravel-like aggregate in the 
solidification of sludge, playing a good skeleton function. In 
the mixed soil material, the bottom slag plays the role of the 
coarse-grained framework, and the fine particles in the sludge 
fill the pores between the particles. 

C. Use in Concrete and Asphalt instead of Aggregates 

Through the analysis of the bearing ratio and the test 
results, the incineration bottom slag has good local 
compressive strength. The content of particles within the range 
of 2-60mm in the bottom slag is 52.97%, and the content of 
particles smaller than 0.1mm is 3.47%. High content of large 
particles can play a very good skeleton effect. According to 
GB/T14684-2001 [24], the thickness and particle gradation are 
evaluated, and the fine-grain modulus is calculated to be 2.5, 
and the particle gradation is within a reasonable range, 
indicating that the bottom slag can be used as gravel aggregates 
in concrete. 

V. DISCUSSION 

In most developed countries, the comprehensive utilization 
rate of incineration bottom slag is very high, and in some 
reaches 100% [20, 21]. However, the characteristics of the 
solid waste incineration bottom slag are significantly affected 
by the region, and its economic development level. This paper 
studies the physical and mechanical properties of the solid 
waste incineration bottom slag in central China, represented by 
Wuhan, and analyzes the feasibility of recycling the 
incineration bottom slag in civil engineering. For example, the 
Cu and Cc of incineration bottom slag in Suzhou area reported 
in [22] are 0.05 and 44, respectively, and the optimal moisture 
content is around 17%, which diverge greatly from the values 
obtained in this paper. Therefore, the comprehensive reuse of 
incineration bottom slag needs to consider many factors, and it 
is necessary to take measures according to local conditions, and 
take the optimal resource recycling method according to the 
characteristics of incineration bottom slag in different regions. 

VI. CONCLUSIONS 

This paper conducted a series of experimental studies on 
the bottom slag of waste incineration, analyzed its basic 
physical and mechanical properties, and conducted a feasibility 
analysis of its resource utilization in civil engineering. The 
following conclusions were drawn: 

• The incineration bottom slag has similar properties to sandy 
soil. The content of coarse particles is relatively high, the 
surface is loose and porous, and the water absorption rate is 
relatively high. The specific gravity is about 2.71. Under 
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heavy compaction conditions, it can reach a compaction 
degree more than 95%, and the effective CBR is not less 
than 72.96% at the optimal water content. 

• The specific gravity of the incineration bottom slag is close 
to that of sand, with good compaction performance, high 
compressive strength and low shear strength. The 
incineration bottom slag has good framework 
supportability, strong water absorption, and easy to improve 
gradation. 

• When the incineration bottom slag is matched with different 
materials, it can show better engineering properties. The 
incineration bottom slag can be combined with fine-grained 
soil and be used to road embankment filling. Due to the 
good compatibility of the incineration bottom slag, the 
improved particle size gradation is better, and the 
compaction effect is significantly improved. In addition, the 
bottom slag can be used as sludge solidified aggregates to 
replace aggregates of cement concrete and asphalt 
materials. 
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Abstract—In this paper, we propose a method of transforming a 

real-valued matrix to a ternary matrix with controllable sparsity. 
The sparsity of quantized weight matrices can be controlled by 

adjusting the threshold during the training and quantizing 

process. A 3-layer ternary neural network was trained with the 

MNIST dataset using the proposed adjustable dynamic threshold. 

The sparsity of the quantized weight matrices varied from 0.1 to 

0.6 and the obtained recognition rate reduced from 91% to 88%. 

The sparse weight matrices were compressed by the compressed 

sparse row format to speed up the ternary neural network, which 

can be deployed on low-power embedded systems, such as the 

Raspberry Pi 3 board. The ternary neural network with the 

sparsity of quantized weight matrices of 0.1 is 4.24 times faster 

than the ternary neural network without compressing weight 

matrices. The ternary neural network is faster as the sparsity of 
quantized weight matrices increases. When the sparsity of the 

quantized weight matrices is as high as 0.6, the recognition rate 

degrades by 3%, however, the speed is 9.35 times the ternary 

neural network's without compressing quantized weight matrices. 

Ternary neural network work with compressed sparse matrices 
is feasible for low-cost, low-power embedded systems. 

Keywords—ternary neural network; deep learning; image 

recognition; quantized neural network.   

I. INTRODUCTION  

Deep Neural Networks (DNNs) have achieved impressive 
success in the field of computer vision [1-4]. Modelling the 
human brain using DNNs requires a massive number of 
computation tasks including addition and multiplication. 
Therefore, it is often challenging to implement DNNs on low-
power edge devices such as mobile embedded systems [5]. 
Edge computing has been attracted much attention recently 
because it has a lot of advantages in terms of cost and security. 
To run DNNs on low-power edge devices, many optimized 
DNN architectures have been proposed. To increase the 
accuracy, DNNs can be trained on a GPU and then the trained 
models are loaded to low-cost embedded systems, such as the 
Raspberry Pi board [6-8]. Another method is to add the 
external accelerating Neural Computer Stick (NCS) to the 
Raspberry Pi when deploying the DNNs on it [9]. These 

deployments of DNNs on the low-cost Raspberry Pi board are 
based on the full-precision weight, which dramatically 
consumes power and processing time. The memory usage and 
inference speed of such models have not been considered. An 
alternative technique to enhance the performance of DNNs 
deployed on low-cost computers is to quantize the parameters 
to speed up the DNNs' run-time and reduce memory 
consumption [10-17]. Traditionally, 32-bit floating-point is 
used for numerical formats in DNNs, which has a big impact 
on speed and memory usage. Reducing the number of bits 
representing DNN parameters is considered for low-power 
edge devices. In particular, using numerical formats with lower 
precision than 32-bit floating point yields numerous benefits. 
16-bit floating-point and 8-bit floating-point are commonly 
used for lightweight DNNs without sacrificing accuracy [5]. 
Substantial research efforts to use lower precision such as 
ternary and binary representation of parameters (synaptic 
weights) have been invested to make possible the implement of 
DNNs on low-power edge devices [10-17]. 

A binary neural network constrains synaptic weights to the 
binary space of {-1,1}. In a binary neural network, the 
conventional 32-bit floating-point multipliers are replaced by 
the logical XNOR operations to speed up running time and 
reduce memory consumption. However, the accuracy of binary 
neural networks is lower than full-precision neural networks 
because only one bit is used to represent the synaptic weight 
and the activation function. To increase the accuracy, ternary 
neural networks that constraint the synaptic weights to the 
ternary space {-1, 0, 1} have been proposed [14-16]. When 
training a ternary neural network, the weights are updated using 
real-valued variables and are then constrained to -1, 0, or +1 
using the ternarization function [14-16]. The ternazization with 
dynamic threshold yields faster convergence in the training 
phase and higher accuracy in the inference phase [18]. 
However, the dynamic threshold, which is based on the mean 
and standard deviation of real-valued variables, produces an 
unpredicted number of -1, 0, and +1 bits in the synaptic weight 
matrices. In this work, we adjust the threshold during the 
quantization process to obtain sparse weight matrices with 
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different sparsity (number of zero values), and measure the 
accuracy of the ternary neural network with different sparsity 
of quantized weight matrices. It turned out that we can increase 
the sparsity quantized weight matrices with small loss in 
accuracy. The sparse weight matrices are then compressed to 
reduce the size and speed up the matrix multiplication, which 
consumes most time in the forward pass of DNNs. 

II. TERNARY NEURAL NETWORK WITH COMPRESSED 

WEIGHT MATRICES FOR LOW-POWER EMBEDDED SYSTEMS  

Figure 1 shows the concept of a ternary neural network in 
which the weights are constrained to -1, 0, and 1 [18, 19].  
x1 - xn are binary inputs and h1 - hm are the neuron outputs of 
the hidden layer, which are also quantized to binary. y1 - yk are 
the neuron outputs for k classes. In Figure 1, Wh is the input-
to-hidden layer weight matrix and Wo is the hidden-to-output 
layer weight matrix. Here, the weight matrices are composed of 
-1, 0, and 1 representing the inhibitory, contactless, and 
excitatory synapses.  

 

 
Fig. 1.  The conceptual diagram of a ternary neural network, where the 

synaptic weights are -1, 0, or +1 representing inhibitory, contactless, and 
excitatory synapses.  

Ternary neural network represents weights using fewer bits 
than a full-precision neural network. The ternary weights can 
be represented by lower bit signed integer values or 
complementary binary arrays [19]. The amount of required 
memory for the model’s parameters of ternary neural networks 
is substantially less than that of the full-precision neural 
networks. The ternary neural network is trained using the 
traditional gradient descent method that updates the weights in 
the direction of the maximum decrease of the loss function. 
The weights are updated with real values and transformed to 
the binary values using the following quantization function 
[18]: 

r threshold

t threshold r threshold

r threshold

-1, if w <=-w

w = 0,  if -w <w <w

+1,  if w >=w







    (1) 

where wthreshold is the threshold weight, wr is the real-valued 
weight, and wt is the ternary weight of -1, 0, or +1. By using 
(1), the ternary weights are obtained by comparing the real-
valued weights with a positive threshold value. It can be 
observed that for every training iteration, the distributions of 
synaptic weights are different. Therefore, a dynamic threshold 
is selected using the Gaussian distribution proposed in our 
previous work [18]. The proposed method attempts to equalize 
the number of negative weights, zero weights, and positive 
weights. The quantization function with dynamic threshold is 
presented in (2) [18]: 

r

t r

r

-1,  if w <=µ-0.44σ

w = 0,  if µ-0.44σ<w <µ+0.44σ

+1,  if w >=µ+0.44σ







    (2) 

where µ and σ are respectively the mean and standard deviation 
of real valued synaptic weights. According to the Gaussian 
distribution, if the threshold is selected to be µ-0.44σ and 
µ+0.44σ, we obtain 33%, 34%, and 33% as the number of 
negative synaptic weights, zero-value synaptic weights, and 
positive synaptic weights respectively [18]. The percentages of 
negative, zero, and positive synaptic weights are maintained 
constantly every epoch of the training process because the 
threshold is adapted to the distribution of synaptic weights.  

Increasing the number of zero values in quantized weight 
matrices leads to higher sparsity. The sparse matrix can be 
compressed to reduce the memory consumption and the matrix 
multiplication time. In this work, we control the percentage of 
zeros by modifying the quantization function as follows: 

r

t r

r

-1,  if w <=µ-λσ

w = 0,  if µ-λσ<w <µ+λσ

+1,  if w >=µ+λσ







    (3) 

where λ is a variable that controls the threshold. In (3), if we 
increase λ, the number of zeros will increase. The higher the 
value of λ, the higher the sparseness of the quantized weight 
matrices. The sparse weight matrices can be compressed to 
reduce the memory usage and speed up the forward pass. The 
sparse weight matrices are compressed using the Compressed 
Sparse Row (CSR) format, which potentially leads to a 
substantial decrease in computational time and speeds-up the 
neural networks [20-23].  

 

 
Fig. 2.  An example of CSR. (a) Sparse matrix with high sparsity and (b) 

CSR representation of the sparse matrix 
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Figure 2 shows an example of the CSR format when 
representing a sparse matrix. Figure 2(a) shows a sparse matrix 
and its CSR representation is shown in Figure 2(b). CSR is a 
popular and general-purpose sparse matrix representation. The 
matrix is stored using three arrays, which are the row pointer 
array, the column indices array, and the data values array [23]. 
The pointer array stores the pointers to the beginning of every 
row, the column indices stores the corresponding column 
indices, and the data value array stores the nonzero values, as 
illustrated in Figure 2. The row pointer array begins with the 
value of 0, for the first row, the first, the 2nd, and the 3rd column 
of the sparse matrix have the values of respectively 1, 1, and -1, 
presented in the column indices array and data values in Figure 
2(b). The second row of the sparse matrix is represented by the 
second element in the row pointer array, which has the value of 
3. The value of -1 in the second row is represented by the 
column indices of 1 and the data value of -1, as shown in 
Figure 2(b). The sparse matrix in Figure 2(a) can be 
compressed by using the arrays in Figure 2(b). By doing this, 
the memory and time consumption for matrix multiplication 
are significantly reduced.     

During the forward-pass propagation, the neuron’s output is 
calculated by using matrix multiplication. Assume that  
x = [x1, x2, ..., xn] is the 1×n input vector, Wh is the m×n input-
to-hidden layer weight matrix, h = [h1, h2, ..., hm] is the output 
vector of the hidden layer, the forward-pass propagation 
performs the below computational task: 

h = σ(xW�
�)    (4) 

Equation (4) consumes more power and time as we increase 
the size of the input vector and the weight matrix. If the weight 
matrix is sparse and represented by CSR, we can replace the 
matrix multiplication in (4) with the Sparse matrix-vector 
multiplication, which is faster than traditional matrix 
multiplication [20]. In this work, we represent weight matrices 
using sparse matrices and compress them with CSR. The sparse 
matrix multiplication is performed by using the Scientific 
Python (Scipy) library to save computational time [24].  

III. EXPERIMENTAL RESULTS 

A three-layer ternary neural network was deployed on a low-
power Raspberry Pi board for the application of image 
recognition. The network was trained and tested on the MNIST 
dataset for recognizing images of handwritten digits [25]. The 
input layer has 784 units corresponding to 784 image pixels. 
The inputs are binary. The hidden layer has 512 neurons and 
the output layer has 10 neurons for recognizing 10 digits. The 
network is trained using Stochastic Gradient Descent with the 
Momentum method. The real-valued weights are transformed 
to binary weights using the proposed adjustable dynamic 
threshold. By adjusting the variable in (3), we achieved the 
recognition rate with varied sparsity of quantized weight 
matrices, as presented in Figure 3. In Figure 3, the sparsity of 
the quantized weight matrix is varied from 0.1 to 0.6 by 
adjusting λ, as explained above. The recognition rate slightly 
degraded as the sparsity of the quantized weight matrix 
increased. When the sparsity of the quantized weight matrices 
was as small as 0.1, the ternary neural network produced a 
recognition rate of 91%. When the sparsity of the quantized 

weight matrix increased to 0.6, the recognition rate was 
reduced by 3%. The results indicated that increasing the 
sparsity of the quantized weight matrix led to a small decrease 
in accuracy. In this work, the training is performed on edge 
device, Raspberry Pi board, and the network is simply 
constituted of an input layer, a hidden layer, and an output 
layer with the weights quantized to -1, 0, and +1. The ternary 
weights are obtained by the proposed dynamic threshold 
quantization with controllable output sparsity. The accuracy of 
the ternary neural network is slightly lower than the full-
precision neural network, however it has the advantages of less 
memory usage and faster inference time. More importantly, the 
proposed ternary neural network is promising for low-cost edge 
devices. Sparse quantized weight matrices were represented 
using the CSR format, which significantly enhances the 
inference processing. With a fixed-size sparse quantized weight 
matrix, the higher sparsity results in the smaller size CSR 
representation and faster CSR matrix multiplication.  

 

 
Fig. 3.  Recognition rate with varied sparsity of quantized weight matrices. 

 
Fig. 4.  Inference time with varied sparsity of quantized weight matrices. 

Figure 4 shows the inference time of the 3-layer ternary 
neural network deployed on a low-power embedded system, 
Raspberry Pi 3, for an input image with varied sparsity of 
quantized weight matrices. The inference time is the forward-
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pass propagation time required to propagate one image from 
the input layer to the output layer, which is also the time for 
predicting one image. For the uncompressed quantized weight 
matrices, the forward pass propagation takes 87.28ms, and such 
inference time does not depend on the sparsity of quantized 
weight matrices. Figure 4 shows the inference time with varied 
sparsity of quantized weight matrices when the quantized 
weight matrices were compressed with CSR. The matrix 
multiplication is performed using the Scientific Python library 
for the input vector and CSR arrays. For a sparsity of 0.1, the 
forward-pass propagation takes 20.606ms, which 4.24 times 
faster than the ternary neural network with uncompressed 
quantized weight matrices. More interestingly, when the 
sparsity increases, the array size of CSR representation for 
sparse matrices is more reduced, resulting in faster 
multiplication. For a sparsity of 0.6, the inference time of the 
compressed-weight-matrix ternary neural network is 9.335ms, 
which is 9.35 times faster than the original ternary neural 
network. 

Quantizing the weight matrix is one of the techniques that 
are suitable for deploying DNNs on low-cost computers. 
Quantized neural networks can save the required memory for 
storing the model’s parameters and internal parameters, and 
implementing faster than full-precision neural networks for 
speech and image recognition, as presented in [19]. In this 
work, we propose a method to control the sparsity of quantized 
weight matrices during the training process and compress the 
weight matrices using CSR representation. The high sparsity of 
quantized weight matrices sacrifices little accuracy, but speeds 
up the ternary neural network by a factor that reaches 9.35. The 
proposed idea is deployed on a simple 3-layer neural network 
for hand-written character recognition. Utilizing high sparsity 
quantized weight matrices and CSR makes the ternary neural 
network possible to implement on low-cost, low-power 
embedded systems such as general-purpose Raspberry Pi 3 
board.  

IV. CONCLUSION 

In this paper, we proposed a quantization function that can 
control the sparsity of quantized weight matrices for ternary 
neural networks. The sparsity of quantized weight matrices of 
the ternary network varied from 0.1 to 0.6 when the ternary 
neural network was trained with the MNIST dataset. The 
obtained recognition rate varied from 91% to 88%. The sparse 
weight matrices were compressed using the CSR format. The 
ternary neural network with compressed weight matrices was 
4.24 times and 9.35 times faster than the original ternary neural 
network, when the sparsity of the quantized weight matrices 
was 0.1 and 0.6 respectively. Ternary neural networks with 
compressed quantized weight matrices are suitable for 
implementation on low-power embedded systems for the 
application of image recognition. 
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Abstract-Home appliances using Brushless DC (BLDC) motors, 

such as Air Conditioners (ACs) and ceiling and pedestal fans, are 

gaining attention these days due to their low power consumption 

and low maintenance cost. This paper estimates and analyzes the 
leakage reactance of conventional and flux-switching permanent 

magnet BLDC motors. The leakage magnetic field of a high-

power BLDC motor will be one of the main sources of 

interference. The magnetic field characteristics of the leakage 

field of a BLDC motor must be analyzed in order to acquire 

correct geomagnetic data. We also show the rotor's leakage 

magnetic field while the BLDC motor is static, the stator and 
rotor's leakage magnetic fields when the BLDC motor is 

functioning, and the near-field characteristic of the BLDC 
motor's leakage magnetic field. 

Keywords-Brushless DC (BLDC); leakage reactance; parameter 

estimation; Potier and sub-transient reactances 

I. INTRODUCTION 

Global urbanization, electrification, rising standards of 
living, and dropping Air Conditioner (AC) prices are all 
predicted to significantly increase direct and indirect emissions 
from AC refrigerants and AC energy use [1-3]. The increasing 
amount of energy consumption by buildings has caused 
widespread global attention to the social, environmental, and 
economic implications associated with it. From the scope of 
reducing global warming and other environmental concerns, 
there has been an increased demand for making energy-
consuming equipment more energy-efficient. Various 
manufacturers have been actively engaged in energy-saving 
advancements, particularly with regard to room ACs, which are 
estimated to consume the most electrical energy in households. 
Electric power rationalization entails reducing electrical loads 
in power plants and electric networks, resulting in an 
uninterrupted supply of electricity, significant cost savings, and 
environmental preservation. Air conditioning consumes 75% of 

monthly energy consumption during the summer months, 
which is an excessively high amount [2, 4-6]. 

Brush machines are generally inexpensive due to their 
established design and manufacturing technologies, as well as 
their simple control [7-10]. The brushes in a brush machine 
make mechanical contact with a set of mechanical 
commutators or slip rings that are attached to the rotor and give 
connections to various armature coils at various rotor positions. 
Brushless machines, as the name implies, lack brushes, 
mechanical commutators, or slip rings, and instead rely on an 
electronic controller. Brushless machines, in comparison to 
brush machines, have superior efficiency and dependability, 
lower noise, longer lifetime (no brush degradation), less 
ionizing sparks from the commutators, and less 
electromagnetic interference overall. They can run at a higher 
speed range because the mechanical limits have been removed 
[11-14]. Because of their great efficiency, high power density, 
small size, and reliability, PM brushless motors have been 
widely employed for high-speed applications. Three-phase 
brushless motors are the most often used PM brushless motors, 
as they offer the optimum balance of motor iron and copper use 
and inverter cost. PM brushless motors, on the other hand, can 
be relatively inexpensive, which is always desirable in cost-
conscious home appliance applications [15-17]. The reactance 
due to the difference between the total flux produced by an 
armature current and the flux in the air gap produced by the 
same armature current is known as armature leakage. There are 
several factors that contribute to stator leakage. Each 
component represents flux pathways into the rotor that do not 
cross the airgap [18-21]. The present contribution exposes a 
direct approach for parameter evaluation of salient or non-
salient pole synchronous machines. The information received 
from the constant excitation test is used in this paper to propose 
a straightforward approach for estimating the leakage 
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reactance. The technique theory is explained and applied to a 
variety of systems ranging from laboratories to hydroelectric 
power plants. The estimates are compared to the Potier and 
sub-transient reactances in the absence of absolute values of the 
leakage reactance. 

II. THE PROPOSED METHOD 

BLDC motors rotor is composed of magnetic steel and iron 
core. In order to study the magnetic field characteristics of the 
rotor and to obtain accurate values of the leakage reactance sX , 
an alternative testing method is adopted which was proposed in 
[1, 2]. In this method, the terminal voltage/armature current 
characteristic ( a aV /I ) curve with the machine unloaded and 
unexcited is needed along with the d-axis Open Circuit 
Characteristic Curve (OCCC) of the machine (Figure 1).  
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(a)                                                            (b) 

Fig. 1.  Determination of the armature leakage reactance of the BLDC 
motor. (a) Characteristic with the machine unloaded and unexcited, (b) The 
OCCC. 

When the machine is unloaded and unexcited, the armature 
current equals to approximately its d-axis component since its 
q-axis component is approximately equal to zero. The 
nonlinear magnetic curve can be obtained at the rated speed by 
energizing the field circuit and closing the stator terminals, or 
vice versa. By neglecting copper and core losses, it is supposed 
that in ( )a aV I , the armature current is a pure magnetizing 

component. Consequently, for a given stator voltage, the 
corresponding if  and Ia are known, defining together the ratio 
alpha If /Ia. 

Neglecting the effect of the armature resistance of the 
machine, which is usually very small, the machine terminal 
voltage Vt, in this case, is equal to the d-axis synchronous 
reactance voltage drop IaXd. The difference between the 
terminal voltage Vt and the internal e.m.f. Ei is the armature 
leakage reactance voltage drop, namely IaXl. Thus: 

 t i a lV E I X= +     (1) 

The internal e.m.f. Ei could be obtained from the d-axis 
OCCC of this machine. In the "Xmd-base" per unit system [7, 
12], the induced e.m.f. due to a certain armature current in per 
unit is by definition equal to the generated e.m.f. due to the 
field current Ef which has the same per unit value as this 
armature current Ia. Thus, (1) could be rewritten as follows: 

 t f a lV E I X= +     (2) 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 2.  Field/armature turns ratio versus armature current: (a) unload test, 
(b) short circuit test, (c) Potier, (d) Potier, c-c and o-c comparison. 

The field current If which has the same per unit value of the 
armature current Ia (Figure 2) can be expressed as follows: 

( )

fu tu a l
f

a du a l

a
du l

 -I    
I =

k k
I -I    

k
I

E V X

X X

X X
k

=

=

= −
    

(3) 

where fu

f

E
k

I
= . 

In order to obtain a simpler expression for the armature 
leakage reactance, the following saturation factors can be used: 

t
t

tu

V
S

V
=     (4) 

f

fu

E
S

E
=     (5) 
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where St and S are the saturation factors found from the 
terminal voltage/armature current and open-circuit 
characteristics respectively. Since tuV  can be substituted by 

a duI X  and fuE can be substituted by fI k , (4) can be rewritten 

as (6) and (5) can be rewritten as (7): 

t t tu t a duV S V S I X= =     (6) 

f fu fE SE SI k= =
    

(7) 
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Fig. 3.  Flowchart of the BLDC motor leakage reactance estimation.  

 
Fig. 4.  Armature leakage reactance. 

Substituting (3) in (7), gives us: 

( )f a du lE SI X X= −     (8) 

Substituting (6) and (8) in (2), results to: 

( )t a du a du l a lS I X SI X X I X= − +     (9) 

Equation (9) gives the following expression for lX : 

1
t

l du

S S
X X

S

−
=

−     
(10) 

III. IDENTIFICATION OF THE LEAKAGE REACTANCE 

The proposed technology was tested on many synchronous 
machines of various rated sizes in laboratory and at several 
hydro power facilities. Measurements were taken as soon as the 
machines were synchronized to the power system. The units 
were loaded while the excitation current was kept constant. 
Voltage and active and reactive powers were recorded. The 
Potier reactance has largely replaced the armature leakage 
reactance in many applications. It is calculated using the Potier 
triangle, which is built using data from open circuit, short 
circuit, and zero power factor characteristics. 

 

 
Fig. 5.  Armature leakage reactance with open inductor test. 

 
Fig. 6.  Armature leakage reactance with the Potier method. 
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Fig. 7.  Armature leakage reactance with open circuit test. 

 
Fig. 8.  Comparison of the leakage reactance and Potier reactance. 

The resulting leakage reactances were compared to the 
available Potier reactance values or the direct axis subtransient 
reactance with the aim of evaluating the results. For steady-
state conditions, computing the synchronous reactance first, 
then the mutual reactance, and finally the slot and differential 
leakage reactance as a difference between Potier and mutual 
reactances yields similar accuracy. A standard approach for 
determining armature inductance is to remove the rotor. 
However, it would be tough to implement in those BLDC 
computers. As a result, we offer an approach that includes a 
zero sequence reactance approximation. 

The Potier reactance has a greater value than the leakage 
reactance, especially when the zero power factor test is 
performed at the rated voltage. Furthermore, because it is an 
intrinsic element of the formers, the leakage reactance may 
have a lower value than the d- and q- axis sub-transient 
reactances. As a result, when making comparisons, one has to 
keep in mind that the genuine leakage reactance value is lower 
than the Potier and subtransient reactances.  

IV. CONCLUSION  

Using the constant excitation test and simple computations 
over the collected data, this research proposed a novel way to 
estimate the armature leakage reactance of a BLDC motor. The 
procedure was applied to a variety of tests with excellent 

results. Rather than providing any error measure, the resultant 
leakage reactances were simply compared to the values 
declared by the manufacturers, derived through normal 
procedures, or to the d-axis sub-transient reactance. This was 
done since the percentage errors appear to be bigger even for 
slight variations due to the modest values of the leakage 
reactance. 

It should be emphasized that the test is straightforward to 
perform and that it can be performed on a BLDC machine in 
operation at virtually no cost or danger of damage. Rather than 
prototypes or laboratory machines, the technology is ideal for 
medium to large scale power units that are currently installed or 
being built in the field. 
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Abstract-The structure and principle of the T-type 3-level reverse 

voltage source that will be fed to three-phase induction motors 

will be presented in this study. The implementation of Space 

Vector Pulse Width Modulation (SVPWM) and the math models 
of the induction motor, the stator currents, and the speed 

controller design of the electric traction drive system based on 

Field-Oriented Control (FOC) will be also shown. This three-level 

T-type inverter in the FOC structure decreases Total Harmonic 

Distortion (THD) more than the previous two-level inverters. By 

combining the FOC control structure with the T-type 3-level 

inverter, the speed and torque responses necessary for railway 
traction motor load were improved. Finally, Matlab/Simulink 

will be used to demonstrate the correctness of the T-Type multi-
level inverter theory. 

Keywords-multilevel inverter; t-type inverter; induction motor; 

field oriented control; railway traction motor 

I. INTRODUCTION  

Since the '90s, most asynchronous motors have been 
replaced, mainly by DC motors. The induction motor 
outperforms the DC motor in maintenance cost, mechanical 
stability, and energy efficiency, whereas it can also work in the 
flux-weakening mode [1-4]. Thus, the induction motor is 
widely used for railway traction motors. Nowadays, traction 
electric transportation systems are widely used in developed 
and developing nations to alleviate traffic congestion in major 
cities. Traction power systems typically employ big capacity 
(200kW-300kW), and traction motors are driven from high 
voltage (25kV, 50Hz) to low voltage (1500V-750V, 50Hz) [5]. 
Furthermore, since the traction drive system runs at high 
voltage, a voltage source inverter is required to power the 
traction motor and assure 100% harmonic distortion of the 
stator current and, low voltage, standard sine phase voltage, 
and appropriate controls (torque, speed) for traction electric 
motor and train operating characteristics. In the control 

structure of traction power transmission systems, 2-level 
voltage source inverters with power circuits including 6 
semiconductor valves and the PWM SVM technique are often 
used. However, compared to a multi-level inverter, this 2-level 
inverter has greater THD [6]. According to [7], the multi-level 
inverter comprises semiconductor valves and a DC voltage 
source, and the output voltage is in the form of wavelengths. 
Therefore, the output voltage of a multi-level inverter may be 
made sinusoidal with low THD by increasing the number of 
voltage levels. Currently, clamp diode (NPC), variable 
capacitor (FC), H-bridge stage (CHB), and T-type multi-level 
inverters are extensively used in industry and transportation 
(such as pumps, fans, wind energy, and traction motors for 
electric trains, electric vehicles, etc.). Based on the literature 
review [8], the NPC-type multi-level inverter offers benefits 
over the standard 2-level voltage inverter, such as reduced 
stator current harmonic distortion and lower TDH voltage. 
However, because of the NPC's construction, increasing the 
number of voltage levels will increase the number of diodes 
and IGBTs, making it impossible to raise further the number of 
voltage levels [9]. 

The FC variable-capacitor multi-level inverter has seen a 
lot of applications. This multi-level inverter has the same 
construction as the NPC multi-level inverter. Instead of diode 
transistor valves, a capacitor is used, resulting in different 
voltages. This benefit allows semiconductor valves to operate 
without requiring continuous switching. THD is lower than that 
of the NPC set, resulting in higher efficiency of the FC multi-
level inverter than in the NPC set. However, this multi-level 
inverter costs more than the NPC multi-level inverter [10, 11]. 
In addition, it has been shown [12, 13] that a multi-level 
inverter structure of H-bridge cascade (CHB) employs an 
IGBT semiconductor and a separate DC source (electrolytes). 
The voltage is provided via several output transformers or 
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capacitors for industrial applications. This multi-level inverter's 
power circuit (staged semiconductor phases) is simple to build, 
replicate, and install in order to increase the number of voltage 
levels as required. Compared to NPC and FC, a CHB multi-
level inverter has this benefit. Furthermore, the CHB multi-
level inverter works with medium and high voltages. However, 
since this multi-level inverter structure requires DC balancing 
to assure output voltage quality, the control structure must 
propose a voltage balance management algorithm. Moreover, 
scientists have been researching the T-Type multi-level inverter 
because it has more benefits than the CHB structure, such as 
employing just one DC source and preventing DC voltage 
imbalance across phases [14, 15]. Besides, authors in [16] 
shown that the T-type multi-level inverter has the advantage of 
reducing the number of semiconductor valves and capacitors 
while increasing the voltage level.  

The current article's research, analysis, and assessment 
focus will be applied to the T-Type three-level inverter for 
traction motor control power supply in a high-capacity, high-
voltage traction power transmission system. In addition, the 
file-oriented control structure of a traction electric drive system 
using a T-type 3-level inverter combined with torque speed PI 
controllers is also provided. Again, this controller is designed 
so that the responses are accurate. 

II. SVM STRUCTURE AND MODULATION OF THE T-TYPE 3-
LEVEL INVERTER 

A. Control Structure 

The 3-phase 3-level T-type inverter structure is developed 
from the standard 3-phase 2-level voltage source structure. 
Each phase includes 8 semiconductor valves, such as 4 IGBT 
valves (SA1-SA4) and 4 diodes (D1-D4). The three-phase 
design of a three-level T-type converter is shown in Figure 1. 
The T-type 3-level inverter works on 2 DC capacitors to divide 
the input voltage into two voltage components Vdc/2 

and create 
a virtual neutral point. Properly adjusting and switching of the 
semiconductor valves will give a wire voltage of 5 levels: −Vdc, 
−Vdc/2, 0, Vdc/2, Vdc. Thus, the output phase voltage has the 
form of 3 levels: −Vdc/2, 0, Vdc/2. Based on the working 
principle of this 3-level T-type inverter, the switching status 
table is built as shown in Table I. 

 

 
Fig. 1.  3-phase T-type inverter structure power circuit. 

TABLE I.  T-TYPE 3-LEVEL INVERTER SWITCHING STATUS 

Status ���� SA1 SA2 SA3 SA4 

P +Vdc/2 ON OFF ON OFF 

O 0 OFF OFF ON ON 

N −Vdc/2 OFF ON OFF ON 

B. Pulse Width Modulation SVM 

With a multi-level inverse scheme, the number of sub-
triangles on the vector plane increases rapidly as the number of 
levels (M) increases. The calculation becomes more 
straightforward if we use the system's symmetry in every sixth 
angle vector space shown on three-six quadrant vector plane 
coordinate systems (Z1x, Z1y), (Z2x, Z2y), (Z3x, Z3y), where: 

1
( )

3

A

B C

v v

v v v

α

β

=

 = −


     (1) 

 

Z1x

Z1y Z2xZ2y

13

4
5

2

6

Z3x

Z3y

 
Fig. 2.  Coordinate systems (Z1x, Z1y), (Z2x,Z2y) and (Z3x,Z3y). 

The number of sub-triangles in the spatial vector diagram 
will increase as the degree increases. The calculation becomes 
much easier using the symmetry property of the space vector 
system in each arc. The coordinate systems (Z1x, Z1y), (Z2x, 
Z2y) and (Z3x, Z3y) are shown in Figure 2. First, we determine 
the projection of the desired voltage vector on the upper 
coordinate system (Z1x, Z1y), (Z2x, Z2y) and (Z3x, Z3y) Then 
we define three transformation matrices, M1, M2 and M3 
described as: 

1 2 3

1 1 2
1 1 0

3 3 3
; ;

2 1 1
0 1 1

3 3 3

M M M

     −     
     = = =
     

− − −     
     

    (2) 

According to [6], PWM SVM is performed according to the 
following calculation steps: 

1) Step 1: Locating the Reference Vector 

The number of sectors S (S = I, II, ···, VI) is determined by 
Table II. 

TABLE II.  LOCATING THE HEXAGONS 

z1x.z1y < 0 z1x.z1y ≥ 0 

z2x.z2y < 0 z2x.z2y ≥≥≥≥ 0 
z1x<0 z1x≥≥≥≥0 

z3x<0 z3x≥0 z2x<0 z2x≥0 

Sec III Sec VI Sec V Sec II Sec IV Sec I 

 

2) Step 2: Determining the Duty Cycle 

In this step the three nearest vectors are determined based 
on the three vertices of the modulation triangle, the duty cycle 
of the three most similar defined vectors is calculated, and the 
switching states of the semiconductor valves are chosen. With 
the assumption shown in Figure 3, the sum of the output 
voltage vector is as follows: 

The vector is represented by the vectors in (3): 
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( ) ( )

( )
1 1 2 1 3 1

1 2 3

V p p p p p

1 p p p

g h

g h g h

m m

m m m m

= + − + −

= − − + +

r r r r r r

r r r     (3) 

( )( ) ( )( )
( ) ( ) ( )

2 4 3 4 2 4

4 3 2

1 1

1 1 1

g h

g gh h

V p m p p m p p

m m p m p m p

= + − − + − −

= + − + − + −

r r r r r r

r r r
   (4) 

The coefficients mg and mh are determined as follows: 

1 1 1

1 1 1

g x x x g

h y y y h

m z z z k

m z z z k

 = −   = − 


 = − = −  

    (5) 

with 
g 1x h 1y

k z , k z =   =    . 
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Fig. 3.  Synthesizing the output voltage vector from the 3 vertex vectors of 

the sub-triangle. 

3) Step 3: Determining the Switching State 

If kA = k, the coefficient k must satisfy this condition: 
M 1 M 1

k
2 2

− −
− ≤ ≤ . The coordinates of the state vector in the  

(a, b, c) coordinate system are given by (6): 

1

1

1

1 1

AN

x

BN x

y

CN x y

k k
k

k k k
k

k k k k

  
    ≈ = −    
     − −   

    (6) 

Equation (6) shows the relationship between [k1x, k1y] 
coordinates (i = 1,2,3) and (a, b, c) coordinates. 

4) Step 4: Balancing the Voltage on the Two DC Capacitors 

Using SVM Modulation 

For multi-level inverters, voltage balancing for DC 
capacitors is always a challenge. Although just one DC source 
is utilized in the T-type inverter construction, voltage 
imbalance on the two capacitors in series is conceivable for a 
variety of reasons, including:  

• The DC capacitor's value is inaccurate in this case.  

• Due to inefficient circuit switching, the discharge and 
charge times of two capacitors differ.  

As a result, DC voltage will deteriorate the harmonic 
quality of the inverter output voltage, which is impossible. 

Thus, multi-level inverters in general, and T-type inverters in 
particular, must address this issue. The steps for balancing the 
capacitor voltage are: 

• Step 1: Measure the voltage on the capacitors Vdc1, Vdc2. 

• Step 2: Compare the two voltages.  

• Step 3: Discharge voltage on capacitor C1 and charge 
capacitor C2 if Vdc1 > Vdc2.  

• Step 4: Discharge voltage on the capacitor C2 and charge 
C1 if Vdc2 > Vdc1. 

TABLE III.  ORDER OF THE VECTOR SWITCHES 

Sector 
Triangle 

shape 
Switching order 

Case of 

unbalance 

1 

1 
(0 0 0) - (1 0 0) - (1 1 0) – (1 0 0) Vc1>Vc2 

( -1 -1 -1) – (0 -1 -1) – (0 0 -1) – (0 -1 -1) Vc2>Vc1 

2 
(1 0 0) – (1 0 -1) – (1 -1 -1) – (1 0 -1) Vc1>Vc2 

(0 -1 -1) - (1 -1 -1) - (1 0 -1) - (1 -1 -1) Vc2>Vc1 

3 
(1 0 0) - (1 1 0) -(1 0 -1) - (1 1 0) Vc1>Vc2 

(0 -1 -1) - (0 0 -1) - (1 0 -1) - (0 0 -1) Vc2>Vc1 

4 
(1 1 0) - (1 1 -1) - (1 0 -1) - (1 1 -1) Vc1>Vc2 

(0 0 -1) - (1 0 -1) - (1 1 -1) - (1 0 -1) Vc2>Vc1 

 

Table III shows the changing of the switching order in 
sector one to balance the voltage on the capacitor. We follow 
the same procedure in the remaining sectors. The voltage 
imbalance between the two capacitors C1 and C2 may be 
determined using the state table, and control can be used to 
balance the voltage on the two capacitors. 

III. MATHEMATICAL MODELS 

A. Mathematical Model of Induction Motor 

The FOC approach is used to regulate the induction motor, 
hence, the induction motor's mathematical model (based on [4]) 
is:  

1 1 1 1

1 1 1 1

1

sd
sd s sq sd

s r r s

sq

s sd sq m sq

s r s

rd m
rd sd

r r

p

rd sq L

di
i i u

dt T T T L

di
i i i u

dt T T L

d L
i

dt T T

zd
k i m

dt J
ω

σ σ
ω

σ σ σ σ

σ σ
ω ω

σ σ σ σ

ψ
ψ

ω
ψ

   − −   =− + + + +       − −   =− − + − +    
 =− + = −

    (7) 

with 

2 2
3

;
2

sq p mm
s r

r rd r

i z LL
k

T L J
ωω ω ω ω

ψ
= + = + = . 

The equation represents the IM's mechanical equation: 

M T

Jd
m m

dt

ω
= +     (8) 

B. Mathematical Model of the Traction Motor Load 

Traction motor load includes load torque and drag forces. 
The drag force of the electric traction motor is a characteristic 
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quantity for the train's movement, including two main 
components, essential and auxiliary resistance. 

1) Basic Drag 

The main factors that cause drag are friction and impact 
between the wheel and the rails, between the locomotive and 
the air, and between the locomotive parts. The essential parts of 
frictional resistance between the bearing and the wheel hub are: 
rolling resistance, sliding, shock and shock, and air. From the 
above factors, it can be seen that the factors affecting the 
essential unit resistance are very complex and, in practice, it is 
challenging to use theoretical formulas to calculate. Therefore, 
empirical formulas are often used, related to the square of train 
speed. The general form of the procedure for calculating 
essential train resistance is: 

2

0
W A BV CV= + +   (kN)    (9) 

The primary resistance of the locomotive when operating 
traction and when running momentum is not equal, so for all 
types of locomotives, it is necessary to find a formula for 
calculating separately the two primary resistances, which are 

the unit essential resistance 
'
0ω  and the elemental resistance 

when running momentum 
'
0cdω . The general formula for 

calculating the unit resistance of the locomotive is: 

2

'

0

127.5
6.37 0.98.

0.1. 10 0.1. . 10

V CA V

q i q
ω  = + + +  

 
    (10) 

The basic formula for calculating resistance when running 
momentum (generally used for locomotives) is: 

' 2

0 2.4 0.1. 0.00035.cd V Vω = + +     (11) 

2) Secondary Drag 

Slope resistance is the principal source of secondary drag. 
Auxiliary resistance differs from elemental resistance: It is less 
impacted by the locomotive or wagon type. Because route 
circumstances determine it, the additional damper does not 
differentiate between locomotives and wagons but is computed 
per train. The unit ramp resistance is calculated as: 

( )
1000.sin

.

i
i

W

P Q g
ω θ= =

+
    (12) 

IV. SIMULATION RESULTS 

A control structure for traction motors driven by a 3-level 
T-type inverter is depicted in Figure 4, based on the above 
findings. The simulation results for electric traction motors 
using the 3-level T-type inverter and induction motor 
specifications are shown in Table IV. 

TABLE IV.  PARAMETER TABLE  

Parameters Symbol Value 

DC voltage dcU
 

1000 

Frequency of modulation fs 2000Hz 

Power dmP
 

270 kW 

Rated speed dmn
 

2880 rpm 

Rated voltage 
dmU

 
400V 

Pole pair P 1 

Power factor cosφ 0.9 

Stator resistance Rs 0.0138Ω 

Rotor resistance Rr 0.00773Ω 

Rotor inductance Lr 0.0078H 

Mutual inductance Lm 0.0077H 

Voltage  750 VDC 

Maximum speed for the train  80km/h 
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Fig. 4.  Control structure of traction motor fed by T-type 3-level inverter.
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To evaluate the effectiveness of the 3-level T-type inverter, 
the stator current controller will be selected as PI in the control 
structure, with the adjustment parameters chosen as:

0.385; 0.052p iK T= = . In addition, the speed controller is a PI 

controller with parameters 4.1; 0.82p iK T= = . 

A. Case 1: Simulation and Εvaluation of the 3-Level T-Τype 
Ιnverter with Τwo Classic Levels at 50Hz with No Load 

The phase voltage response and THD are displayed in 
Figure 5. Figure 6 depicts the DC voltage response on the two 
capacitors of a T-type 3-levels inverter. Through the simulation 
results (Figure 5), it was found that the output voltage of the 3-
level T-type inverter has a wavelength with the three required 
voltage levels. In addition, the current is sinusoidal with lower 
THD (7.53%) than a two-voltage level inverter (THD = 
11.39%). In addition, the difference in DC voltage between the 
two capacitors is not significant, with the most notable change 
being Vcmax = 3V (0.6%), demonstrating that the balancing 
procedure is successful. Furthermore, owing to the voltage 

balancing technique on capacitors, SVM modulation 
considerably reduces the voltage imbalance on the two DC 
capacitors. Consequently, the SVM modulation produces 
acceptable voltage and current quality with a THD of 7.53%. 

B. Case 2: Simulation and Evaluation of Traction Drive 
System Using the 3-Level T-Type Inverter 

Traction electric motor will operate according to the 
following simulation scenario: 

• From t = 0.5s to t=2.3s, the IM is operating at pull process 
with: t0.5s =0 (km/h), t1s=50 (km/h), and t2.3s=73 (km/h). 

• From t = 2.3s to t = 4.5s, the IM is operating at coasting 
process with: t2.3s =73 (km/h), t4.5s =73 (km/h). 

• From t = 4.5s to t = 8s, the IM is operating at braking 
process with: t7s =13 (km/h) and t8s=0 (km/h). 

The simulation results are shown in Figure 7.

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 5.  Line voltage and THD of the T-type multi-level inverter and the classic 2-level inverter. (a), (b) T-type 3-level voltage inverter, (c), (d) inverter 2 

voltage levels, (e) 3-phase current response using the 3-level T-type, (f) classic 2-level inverter current response. 
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Fig. 6.  The DC voltage response on two capacitors of a T-type 3-level inverter. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7.  (a) Speed response, (b) torque response, (c) single phase voltage, (d) TDH when Rr is constant. 

Figure 7 shows that the output voltage of the 3-level T-type 
inverter has a wavelength with the required 3 voltage levels. 
Furthermore, the current is sinusoidal, resulting in decreased 
THD. In addition, the torque and speed controllers have been 
effective. Thus, the actual speed response closely reflects the 
reference speed response with a rapid reset time. On the other 
hand, the torque controller provided the required torque at each 
operating moment of the railway traction drive. As a result, 
boosting the voltage level and applying a nonlinear control 
approach to the controllers is a challenge that has to be handled 
in the future to assure minimal THD and minor torque 
pulsation.  

V. CONCLUSION 

The design and assessment of the control structure of a 
traction motor FOC driven by a 3-level T-type inverter were 
effectively suggested in this study. According to the simulation 
results, the harmonic distortion diminishes as the voltage level 
rises, resulting in increased inverter performance. The design 
and computation of this multi-level inverter, on the other hand, 

is complicated, mainly when the number of voltage vectors 
grows fast with voltage level. Furthermore, since the torque 
response still exhibits strong torque pulsation, a more 
straightforward voltage modulation method is required when 
the power level rises and the torque pulsation reduces. This is a 
promising area for future research, as methods to enhance the 
control quality of traction powertrains are developed. 
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Abstract-In this paper, an adaptive Fuzzy Fast Terminal 

Synergetic Controller (FFSC) for a certain class of SISO 

unknown nonlinear dynamic systems is proposed, that uses the 

concept of terminal attractor design, adaptive fuzzy synergetic 

control scheme, and Lyapunov synthesis approach. In contrast to 

the existing adaptive fuzzy synergetic control design, where the 

fuzzy systems are used to approximate the unknown system 

functions while the synergetic control guarantees robustness and 

achieves the asymptotic stability of the closed-loop system, in our 
technique both the continuous synergetic control law and the 

fuzzy approximator are derived to ensure finite-time 

convergence. Lyapunov conditions for finite-time stability and 

accuracy proofs in mathematics are presented to prove that the 

proposed adaptive scheme can achieve finite-time stable tracking 

of reference input and guarantee of the bonded system signals. 

Simulation results illustrate the design procedures and 
demonstrate the performance of the proposed controller. 

Keywords-nonlinear dynamic systems; synergetic control; 

robust control; fast time convergence; adaptive fuzzy systems 

I. INTRODUCTION  

Over the last few years, the development of nonlinear 
control techniques has been an active research topic and 
significant methods have been established, such as adaptive 
control [1], feedback control [2, 3], backstepping control [4], 
and Sliding Mode Control (SMC) [1, 5-8]. SMC is often 
adopted due to its inherent advantages of fast dynamic 
response, guaranteed stability, robustness against matching 
external disturbances, and internal parameter variations [5-7], 
but it suffers from the drawback of chattering phenomena 
which limit the SMC from being widely applied. Therefore, 
another concept recently introduced, similar to the SMC in the 
design, robustness, performance, and without discontinuous 
control law is the Synergetic Control (SC) theory [9-11]. The 
SC law, not causing chattering as in the SMC approach, 
depends on a designer chosen macro-variable function 

imposing the desired dynamics to the system. In this process, 
system control design needs no model linearization but rather 
relies on the complete nonlinear system. Its robustness and its 
ease in implementation have put forth this fairly new control 
approach. The SC has been successfully applied to nonlinear 
systems [12, 13], in the design of power system stabilizers [14, 
15], and in many other electronic devices [10, 11]. In most of 
these applications, the SC law was designed based on the 
analytical description of the system dynamics, which is not 
available or is difficult to formulate. Fuzzy systems [16, 17] 
have been presented to overcome the abovementioned 
problems in which the universal approximation theorem is used 
to prove that fuzzy systems can approximate any unknown 
dynamic system. The adaptive fuzzy SC concept has been 
proposed to address the control issue of unknown nonlinear 
dynamics systems [18-20]. The SC guarantees robustness and 
stability of the closed-loop system while the fuzzy systems are 
used in an adaptive scheme to approximate the nonlinear 
system functions. However, in this application, the SC law was 
designed based on asymptotic stability analysis and the system 
trajectories evolve to a specified attractor reaching the 
equilibrium in an infinite time. 

To address the issues of globally asymptotic stabilization, a 
Terminal SC (TSC) scheme based on the concept of terminal 
attractor [4, 21-26] has recently been developed [22]. The 
scheme exhibits superior properties such as fast finite-time 
convergence to the origin, less steady-state errors, and high-
precision performance in addition to disturbance attenuation. 
These features, however, have been achieved including 
requirement of prior knowledge about the dynamics of the 
process to be controlled. In this paper, a fast finite time 
algorithm combined with adaptive fuzzy systems (FFSC) is 
proposed to design a robust control system. This approach, 
inspired from adaptive fuzzy SC [18-20] aims to reinforce 
robustness and tracking. Different nonlinear systems are used 
in a simulation study to assess the performances and the 
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effectiveness of the proposed FFSC approach. The obtained 
results are discussed and compared with the FSC. 

II. FAST TERMINAL SC OF A NONLINEAR SYSTEM 

Consider the nonlinear Single Input Single Output (SISO) 
system, described by: 

1 2

2

1

( ) ( )

( ) ( , ) ( , ) ( ))

( ) ( )

x t x t

x t f x t g x t u t

y t x t

=


= +
 =

�

�   (1) 

where ( ) ( ) ( )1 2 x t x t x t=     is a vector of measurable states 

and ( ),f x t  and ( ),g x t  are nonlinear continuous functions. 

The control objective ( )u t  is to force the system output 

( )y t to track a given bounded desired reference trajectory in 

finite time and without chattering, i.e. the tracking error must 
converge to zero, under the constraint that all the signals must 
be bounded and the system be stable. The SC synthesis of the 
system (1) begins by defining a designer chosen macro-
variable given as: 

e eψ λ= + �
    
(2) 

where 
me y y= −  is the tracking error and 

2 mė x y= −  its time 

derivative, 
my is the desired trajectory, and λ  is a positive 

constant.  

A. Terminal Synergetic Control 

In this paper, we propose the following desired dynamic 
evolution of the macro-variable, aiming to reinforce robustness 
and better tracking in finite-time: 

p qk

T
ψ ψ= −�

   
 (3) 

where 0k > , 0T >  are positive constants and p and q  are 

positive odd constants with 0 / 1p q< < . 

Taking the integral of both sides of (3) and evaluating the 

resulting equation in the closed interval ( )0ψ  to ( )ftψ  gives 

the following equation [23, 24, 26]: 

1
(0)

1

p

q

f

T
t

p
k

q

ψ −

=
 
− 

 

    (4) 

where 
f
t  is finite, indicating a finite-time convergence as 

opposed to the asymptotic infinite-time convergence to the 

attractor 0ψ = . This approach inspired from sliding mode 

techniques [23, 24] will be used to formulate the terminal 
synergetic control law: 

1
( , )

( , )

p q

m

k
u y f x t e

g x t T
λ ψ = − − −  

�� �     (5) 

Under the control law (5) with the macro variable (2), the 
trajectory of the closed-loop nonlinear system (1) can be driven 

onto the attractor 0ψ =  in finite-time given by (4) ensuring 

rapid tracking. However, the TSC controller is only suitable 

when the error trajectory is nigh from attractor 0.ψ =  To 

further improve convergence, we propose the Fuzzy Fast 
Terminal Synergetic Controller given in the ensuing section. 

B. Fast Terminal Synergetic Control 

In this section, we will develop the Fast Terminal 
Synergetic Controller which will be robust to matched and 
mismatched uncertainties and the states system of (1) can 
converge to the equilibrium point in fast finite-time. Therefore, 
the proposed desired dynamic evolution of the macro-variable 
is given as: 

0p qT kψ ψ βψ+ + =�
    
(6) 

The dynamic (6) avoids the above-mentioned problem. It 

consists on a terminal attractor ( )p q k Tψ ψ= −�  when the 

error trajectory is close to 0ψ =  and a fast convergence 

( )Tψ ψ β= −� when the error trajectory is far from 0.ψ =  

According to (6), we find the new convergence time 
determined by [23,24]: 

1
* (0)

ln

1

p q

f

T k
t

kp

q

βψ

β

− +
=

 
− 

      

(7) 

The fast synergetic control law u can then be obtained by 
(8): 

1
( )

( )

p q

m

k
u f x y e

g x T T

β
λ ψ ψ = − + − − −  

�� �

    

(8) 

Under the control law (8) with macro-variable (2), the error 
trajectory of the closed-loop system (1) can be driven onto the 

manifold 0ψ =  in finite time (7) ensuring rapid tracking.  

C. Stability and Robustness Analysis 

The stability and robustness issue of the controller are 
addressed here by using the Lyapunov stability theory. 

Lemma 1 [24,26]: Consider the nonlinear system described 
in (1). Suppose there is a continuously differentiable function 

( )V x  defined in a neighborhood n
D ⊂ℜ  of the origin, and 

there are real numbers ,  0ρ σ >  and 0 1γ< <  such that 

( ) 0V x > on D . The extended Lyapunov function can be 

described as: 

( ) ( ) ( ) 0V x V x V xγρ σ+ + ≤�     (9) 

and the settling time can be given by: 

( )
( )

1

0

0

1

1
f

x
t x ln

γ
ρ σ

ρ γ σ

−
+

′ ≤
−

    

(10) 
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Proof: let’s consider the Lyapunov function candidate 

21

2
V ψ= . The time derivative of this function can be written 

as: 

[ ]( , ) ( , ) mV e f x t g x t u yλ ψ= + + −� � ��
    
(11) 

By substituting (8) into (11), we obtain: 

1
2

p

qk
V

T T

β
ψ ψ

 
+ 

 ≤ − −�

    
(12) 

Using ( )
1

22Vψ = , (12) can be rewritten as: 

2
22 2

0

p q
p qq
qk

V V V
T T

β
 +
   +   

 + + ≤�

    
(13) 

We define the constants:
2

T

β
ρ = , 

2
2

p q

q
k

T
σ

 +
 
 

=  and

( )1 2p qγ = + , such that ( )0 1 2 1p q< + < . In (13), the 

stability of the closed-loop system is guaranteed and the error 

trajectory can be driven onto the manifold 0ψ = in the finite-

time 
'

ft  given in (10). These performances with the control law 

given by (8), are easily designed if the dynamics of the system 
are known. However, nonlinear system parameters are not well 
known and imprecise, so it is difficult to implement the control 
law (8). Therefore, an adaptive fuzzy finite time synergetic 
controller using a fuzzy logic system is proposed to circumvent 
these problems. 

III. FUZZY FAST TERMINAL SYNERGETIC CONTROL OF A 
NONLINEAR UNKNOWN SYSTEM 

In a practical real case ( ),f x t  and ( ),g x t  are unknown 

and the external disturbance ( ) 0d t ≠ , so obtaining the control 

law of (8) is difficult. In this case, our proposal is to replace 

( ) ( ),f x t d t+ , and ( ),g x t  with their approximates using 

fuzzy logic systems and design an online updating law to 
estimate the system parameters by using Lyapunov stability 
theory [25, 26]. Using singleton fuzzification, product 
inference, and center-average defuzzification, the output of the 
fuzzy system is obtained as: 

( )
( )

( )

1 1

1 1

l
i

l
i

nM
l

iF
l i

nM

iF
l i

y x

y x

x

µ

µ

= =

= =

 
 
 
 =
 
 
 
 

∑ ∏

∑ ∏
    (14) 

where ( )
i

l

F ixµ  is the membership function of the linguistic 

variable 
ix and 

ly  is the point in R at which lG
µ achieves its 

maximum value (assuming ( ) 1l

l

G
yµ = ). Introducing the 

concept of fuzzy basis function vector ξ(x), (14) can be 
rewritten as: 

( ) ( )Ty x xθ ξ=
    
(15) 

where [ ]1...
T

l Mθ θ θ=  and 1( ) ( )... ( )
T

Mx x xξ ξ ξ =   are the 

fuzzy basis functions defined as: 

( )
( )

( )

1

1 1

l
i

l
i

n

iF

i
l nM

iF
l i

x

x

x

µ

ξ

µ

=

= =

=
 
 
 
 

∏

∑ ∏
    

(16) 

It should be noted that the approximation error issue has 
been addressed in detail in [16, 17], where the theorem is used 
to prove that the fuzzy systems can approximate any 
continuous real function on a compact set to any arbitrary 
accuracy while fuzzy rules are derived based on experts 
recommendations. Therefore, the new control law is rewritten 
as: 

1 ˆ ( / )
ˆ ( / )

p q

f m

g

k
u f x y e

g x T T

β
θ λ ψ ψ

θ
= − + − − −  

�� �     (17) 

Theorem [16, 17]: Consider the control problem of the 
nonlinear system (1). If the control (17) is used and the 

parameter vectors 
f

θ and 
g

θ  adjusted by the adaptive law are: 

( )f f fr xθ ψξ= −�

    
(18) 

( )g g gr x uθ ψξ= −�     (19) 

then the closed loop system signals will be bounded and the 
tracking error will converge to zero asymptotically. 

Proof: The optimal parameters of fuzzy systems are defined as: 

( ) ( )ˆˆ arg min sup / ( ( ))
nf f

f f
Z

x R

f x f x d t
θ

θ θ
∈ ∈

 
= − + 

 
    (20) 

( ) ( )ˆ ˆarg min sup /
ng g

g g
Z

x R

g x g x
θ

θ θ
∈ ∈

 = −  
    (21) 

where 
f

Z  and 
g

Z  are constraint sets for 
f

θ  and 
g

θ  

respectively.  

The minimum approximation error is defined as: 

( ) ( )ˆ ˆ( ) ( ) ( , ) ( ) ( , )
f g

w f x d t f x g x g x uθ θ = + − + − 
    (22) 

Then, we have: 

( ) ( )T T

f f g g me x x u yψ λ θ ξ θ ξ= + + −� � ��     (23) 

ˆ ˆ( ) ( ) ( )

( )

T T T

f f g g f f

T

g g m

e x x u x

x u w y

ψ λ θ ξ θ ξ θ ξ

θ ξ

= + + +

+ + −

�� �

� ��
    

(24) 

Let: 
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ˆ

ˆ

f f f

g g g

θ θ θ

θ θ θ

 = −


= −

�

�
    (25) 

and let's consider the Lyapunov function candidate: 

21 1 1

2 2 2

T T

f f g g

f g

V
r r

ψ θ θ θ θ= + +� � � �     (26) 

where 
fr  and gr  are positive constants that will be used as 

learning rates in the adaptation procedure. The time derivative 
of V is obtained as: 

1 1T T

f f g g

f g

V
r r

ψψ θ θ θ θ= + +� �� � � � ��

    

(27) 

ˆ ˆ( ) ( )

1 1ˆ ˆ( ) ( )

T T

f f g g m

T T

f f f g g g

f g

V e x x u w y

x x u
r r

ψ λ θ ξ θ ξ

θ ψξ θ θ ψξ θ

 = + + + − 

   
+ + + +      

   

� � ��

� �
� �

    (28) 

Substituting the derivatives of 
f

θ and 
g

θ  into (25), leads 

to: 

( 1) 2

p q

p q

k
V w

T T

k
w

T T

β
ψ ψ ψ

β
ψ ψ ψ+

 = − − +  

≤ − − +

�

    (29) 

Based on the universal approximation theorem, the term 

wψ is very small, such that 0V ≤� . As a result, all closed-

loop system signals are bounded. 

IV. SIMULATION RESULTS  

In order to investigate the proposed controller, simulations 
of the following examples were considered. 

A. Example1: First Order Nonlinear System 

To illustrate the effectiveness of the proposed control 
algorithm, we design the FFSC controller for high-precision 
tracking of a nonlinear dynamic system given by (30), whose 
simulation results are compared with the FSC control scheme.  

( ) ( ) ( ) ( )x t f x u t d t= + +�     (30) 

where the nonlinear function ( )
( )

( )
1

1

x t

x t

e
f x

e

−

−

−
=

+
 is assumed to be 

unknown. The fuzzy set is defined over the discourse interval  
[-3,  +3]. The membership functions are chosen as: 

( )( )( ) 1( ) 1 exp 5 2 ,
NB

x xµ
−

= + + ( )( )2( ) exp 1.5 ,
NM

x xµ = − +

( )( )2( ) exp 0.5 ,
NS

x xµ = − + ( )( )2( ) exp 0.5 ,
PS

x xµ = − −

( )( )2( ) exp 1.5 ,PM x xµ = − −  ( )( )( ) 1( ) 1 exp 5 2
PB

x xµ
−

= + −  

The simulation results with two different initial conditions 
are shown in Figures 1-3. In both cases, the system outputs 
have good tracking, in the other hand the new controller has a 
faster convergence rate than FSC. The disturbance 

( ) ( )0.3 1.1d t randn= has been taken into consideration in the 

simulation at 0.15s 1st≤ ≤ . As shown in Figure 1, the control 
signals for both approaches are continuous and smooth despite 
the external perturbations, while the convergence of the signal 
of the proposed control to the equilibrium is faster. It can be 
seen from Figure 1 that the macro-variable signal using FFSC 
reaches zero in a fast finite-time. 

 

 
Fig. 1.  The output trajectories with initial condition: (a) x(0) = 1,  

(b) x(0) = 1.5. 

 
Fig. 2.  Control signals with initial condition: (a) x(0) = 1, (b) x(0) = 1.5. 

 
Fig. 3.  Macro-variable evolution signals with initial condition:  

(a) x(0) = 1, (b) x(0) = 1.5. 
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B. Example2: Duffing Forced-Oscillation System 

The proposed approach will be furthermore used to control 
the Duffing forced-oscillation system given by (31).  

1 2

3

2 2 10.1 12 cos ( ) ( ) ( )

x x

x x x t u t d t

=


= − − + + +

�

�
    (31) 

The control objective is to force the perturbed system to 

track a desired trajectory ( )sinmy t=  and remove totally the 

effect of external disturbances. The disturbance is chosen as 

( ) ( )1 5 sin .d t t= +
 
The membership functions for system 

states , 1,2ix i =
 
are chosen as in Example 1 and the 36 fuzzy 

rules are used to approximate the nonlinear function of the 

system ( )f x . The controller parameters are chosen as: 

0.1,k = 1.5,β = 8,λ = 0.2,T = 5,q = 3.p =
 
The simulation 

results are shown in Figures 4-6. Figure 4 describes the 
tracking performance of the proposed controllers, e.g. FFSC 
and FSC. The control signals and the macro-variables of two 
different schemes are depicted in Figures 5 and 6 respectively. 
Through the comparison, we can see that the proposed method 
can achieve better tracking performance than the FSC. 

 

 

Fig. 4.  The output trajectories with initial condition: (a) ( ) [ ]0 1,0
T

x =  and 

(b) ( ) [ ]0 2,0
T

x = . 

 

Fig. 5.  Control signals with initial condition: (a) ( ) [ ]0 1,0
T

x =  and (b) 

( ) [ ]0 2,0
T

x = . 

 
Fig. 6.  Macro-variable evolution signals with initial condition: (a) 

( ) [ ]0 1,0
T

x =  and (b) ( ) [ ]0 2,0
T

x = . 

C. Example3: Inverted Pendulum System 

In this example, the simulation has been carried out for an 
inverted pendulum system described by (32): 

1 2

2

1

( ) ( ) ( )

( )

x x

x f x g x u d t

y t x

=


= + +
 =

�

�

    

(32) 

The state-space variables are the position 
1
x and the 

velocity 
2
x . ( )u t and ( )y t  are respectively the input and the 

output of the system. ( )f x  and ( )g x  are nonlinear 

continuous functions, such that: 

2

2 1 1
1

2

1

( ) cos( )sin( )
sin( )

( )
( )

( ) cos ( )4
( )
3 ( )

c

c

m l x x x
g x

m m
f x

m x
l

m m

−
+

=
−

+

    (33) 

1

2

1

cos( )

( )
( )

( )cos ( )4
( )
3 ( )

c

c

x

m m
g x

m x
l

m m

+
=

−
+

    (34) 

where 1kg,
c

m = 0.1kg,m = 0.5m,l = and 2
9.8m/s .g =  In 

order to approximate the functions ( )f x  and ( )g x , we 

consider the following membership functions: 

( )( )1

2

( ) exp 6 / 24
i

i iF
x xµ π π = − +

 
    (35) 

( )( )2

2

( ) exp 12 / 24
i

i iF
x xµ π π = − +

 
    (36) 

( )3

2
( ) exp / 24

i
i iF
x xµ π = −      (37) 

( )( )4

2

( ) exp 12 / 24
i

i iF
x xµ π π = − −

 
    (38) 
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( )( )5

2

( ) exp 6 / 24
i

i iF
x xµ π π = − −

 
    (39) 

The reference signal is given by: 

( ) ( )( )sin 0.3sin 3
10

m
y t t

π
= +     (40) 

and the controller parameters are chosen as: 2.25,k =  
5.5,β = 2,λ = 0.8,T = 13,q =  13.p =  

In the numerical simulation, we chose the disturbances and 

uncertainties as: ( ) ( )0.3 1.1d t randn= and 0.1kg,
c

m∆ = ±

0.01kg,m∆ = ± at 5st = . The reference tracking capability of 

the proposed FFSC controller is investigated and the results are 
compared with those given by the FSC controller for the same 
initial conditions. 

The system responses are given in Figures 7-9. From these 
curves, the superior performance of faster and high-precision 
tracking of the proposed FFSC is clearly visible. Unlike the 
conventional FSC control, the FFSC holds its robustness and 
stability in the presence of uncertainties and external 
disturbances, and can drive system states to a desired trajectory 
signal in a fast finite-time. 

 

 

Fig. 7.  The output trajectories with initial condition: (a) ( ) [ ]0 12,0x π=

and (b) ( ) [ ]0 6,0x π= .  

 

Fig. 8.  Control signals with initial condition: (a) ( ) [ ]0 12,0x π= and (b) 

( ) [ ]0 6,0x π= . 

  

Fig. 9.  Macro-variable evolution signals: (a) with initial condition 

( ) [ ]0 12,0x π=  and (b) with initial condition ( ) [ ]0 6,0x π= . 

V. CONCLUSION 

A robust fuzzy fast finite-time synergetic control for the 
trajectory tracking of a class of nonlinear unknown systems has 
been proposed in this paper. The proposed FFSC can be used to 
design not only the continuous control law with fast and finite-
time convergence to the equilibrium, but also the 
approximation of unknown dynamics of a nonlinear system 
with the use of fuzzy systems. Based on the Lyapunov stability 
theorem, it is rigorously proved that the stability of the closed-
loop system, in the presence of external disturbances, is 
ensured and the tracking performance is achieved in finite-
time. 
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Abstract-The agricultural sector in Saudi Arabia constitutes an 

essential pillar of the national economy and food security. Crop 

diseases are a major problem of the agricultural sector and 

greatly affect the development of the economies in various 
countries around the world. This study employed three 

prediction models, namely CNN, SVM, and KNN, with different 

image processing methods to detect and classify apple plant 

leaves as healthy or diseased. These models were evaluated using 

the Kaggle New Plant Diseases database. This study aims to help 

farmers detect and prevent diseases from spreading. The 

proposed method provides recommendations for the appropriate 
solutions for each type of recognized plant disease based on the 
classification results. 

Keywords-plant disease; apple; deep learning; machine 

learning 

I. INTRODUCTION  

Agriculture plays a substantial role in modern life and 
contributes to the development of the economy by providing 
food security [1]. The agricultural sector in Saudi Arabia 
constitutes an essential pillar of the national economy and food 
security [2]. Crop diseases are one of the main problems of the 
agricultural sector and significantly affect the economic 
development in various countries, as they affect both quantity 
and quality of crops [3]. As a result, crop damage results in 
significant productivity loss, affecting the economy. According 
to the Food and Agriculture Organization [4], the world 
population will increase to more than 9.1 billion by 2050. The 
food growth rate should increase by 70% to meet the nutritional 
needs of such a vast global population. 

Crop diseases can be challenging to diagnose. Some types 
can be dangerous, especially scab, black rot, and cedar rust, and 
they could spread fast to other parts of the leaf if left untreated, 
leading to the death of entire crops [5]. In addition, the 

diagnosis of crop diseases can be expensive, takes a long time, 
and is often prone to errors due to the difficulty of analyzing 
each plant individually [6]. Furthermore, it is expensive for 
many farmers to consult an expert about their crop disease 
problems, especially in developing countries. Hence, it is 
crucial to detect and recognize these diseases in their initial 
stages to prevent them from spreading. The continuous 
development of Computer Vision (CV) and Digital Image 
Processing (DIP) have tremendously impacted the detection of 
diseases, as they are used to improve image quality and aid 
diagnosis [7,8]. 

The improvement of the accuracy of diagnostic techniques 
through image processing and classification methods is crucial 
to address the challenges of manual diagnosis of plant diseases 
[9,10]. Several researchers were inspired to build efficient 
algorithms using Machine Learning (ML) and Deep Learning 
(DL) models to provide accurate diagnoses of plant leaf 
diseases [11, 12]. This study employed three prediction models, 
namely CNN, SVM, and KNN, to detect apple plant leaf 
photos and classify them to healthy or diseased. Several image 
pre-processing methods were also applied to improve the 
quality of the images and remove any noise that could affect 
the classification results. Segmentation techniques were also 
used to detect the correct disease spot and extract the most 
convenient features to obtain the best result, while the proposed 
models were evaluated in a large and reliable database. 

II. RELATED WORK 

The methodologies used by previous researchers to classify 
plant diseases are separated into two categories: DL-based and 
ML-based approaches. In [8], several ML-based classifiers 
were proposed for the detection and classification of plant 
diseases. A dataset of 14956 images was used, classified into 
38 distinct classes. The highest accuracy was achieved by the 
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RF model, with performance up to 73%, which was better than 
any other method. Several studies evaluated the performance of 
various DL methods in detecting plant diseases. Some studies 
used multiple CNN architectures such as AlexNet, GoogLeNet, 
InceptionV3, ResNet-101, ResNet-50, ResNet-34, ResNet-18, 
and VGGNet-16 to detect and classify apple plant diseases. In 
[13, 14], a VGG-INCEP model was proposed, combining 
VGGNet-16 with InceptionV3, to detect apple leaf diseases. 
This model had higher accuracy than several prominent deep 
CNNs. In [15], ML methods, namely SVM and transfer 
learning, were used with DL techniques, such as DenseNet, 
VGG, ResNet, and GoogLeNet, to detect apple plant diseases. 
The result showed that SVM had low accuracy while transfer 
learning models had the highest. The Plant Village dataset with 
1821 labeled images of apple plant leaves classified into 3 
disease and one 1 classes, was utilized. Deep CNNs built on the 
AlexNet platform were used in [16] to detect apple leaf 
diseases. The dataset had a total of 13,689 images and the 
highest accuracy was 97.62%. In [17], deep CNN network 
architectures and ML methods, such as SVM and KNN, were 
evaluated. The used dataset had a total of 54,000 images of 
different plant diseases, and the highest accuracy was achieved 
by the SVM model. In [18], a CNN segmentation model 
trained on tomato leaf images was proposed, and a smartphone 
application was deployed, that can be used for real-time 
diagnosis and detection of diseases and monitor and manage 
early tomato growth stages. In [19], a hybrid framework of DL 
and SVM was proposed, where the results showed that the 
SVM classifier models outperformed the softmax function. 

III. BASIC STEPS FOR DISEASE DETECTION 

Recent developments in DL and ML appear to enhance the 
accuracy potential of plant disease detection [20]. The main 
stages of the proposed model are shown in Figure 1. It starts 
with pre-processing and enhancing the input images, followed 
by segmentation, feature extraction, and classification. 

 

 
Fig. 1.  Stages of the research. 

A. Image Pre-Processing 

The first step in any CV-based system is to pre-process raw 
images [21]. Image preprocessing is necessary to ensure 
equality and uniformity between all images, making the 
following segmentation and feature extraction steps more 
accurate and effective. For this reason, the noise in the 
background should be removed to enhance images and color 
space conversions, helping to properly focus on the region of 
attention of an image [22]. All plant images were converted 
from RGB to LAB color space, as the latter decouples color 
and lightness, enhancing object detection [23]. 

1) CIELAB Color Model 

CIELAB is a color space and color characterization system 
based on human vision, released by the International 
Commission on Illumination (CIE) in 1976. It is considered 
one of the most common and accurate color space systems used 
for detecting affected areas in plants. These affected areas have 
different colors, relying on the color without intensity [24, 25]. 
The following equations were used to convert the images from 
RGB to CIE XYZ [26]: 

� � 0.4124� 	 
 0.3576� � 
 0.1805 � �    (1) 

� � 0.2126 � 	 
 0.7152� � 
 0.722� �    (2) 

� � 0.0193� 	 
 0.1192 � � 
 0.9505 � �    (3) 

CIELAB uses a three-dimensional system where L 
represents brightness, A represents a range of colors from green 
to red, and B represents the colors ranging from blue to yellow 
[25]. The formula of the LAB color model is defined as [27]: 

� � 0.2126� 	 
 0.7152� � 
 0.0722 ��    (4) 

� � 1.4749� �0.2213 � 	 � 0.3390� � 
 0.1177 ��� 

128    (5) 

� � 0.6245� �0.1949� 	 
 0.6075� � � �0.8006 � �� 

128    (6) 

Figure 2 shows the RGB to LAB color conversion. 

 

Fig. 2.  Converting RGB color image to LAB color. 

B. Image Segmentation 

In many cases, images contain parts or problems that affect 
the detection results, such as an unwanted background [28]. For 
this reason, it is important to manipulate image segmentation 
approaches to detect the correct disease spot, which also helps 
the feature extraction process [22]. Image segmentation is a 
method used to divide data into groups with comparable 
properties or qualities to make it simpler for analytical 
operations [29]. Many image segmentation techniques have 
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been developed, such as region-based, clustering, edge 
detection, mask R-CNN [30, 31], and K-means clustering [32]. 
K-means clustering segmentation categorizes pixels by 
decreasing the average squares of the distance between the 
objects and the clusters they belong to [33]. The segmentation 
stage consisted of three steps. At first, K-means clustering was 
used to detect and classify pixels and objects into K classes 
based on the feature set [34]. Subsequently, the flood fill 
method was used to fill the empty spaces in binary images and 
match the color of the hole space of connected pixels with the 
same color [35]. Finally, the resulting image was applied as a 
mask to the original to obtain the image section containing the 
required characteristics [36]. The mask images were obtained 
after the flood fill algorithm combined with the original RGB-
based image, which gives a background-free image. Figure 3 
shows the steps of the image segmentation process. The last 
image presents only the leaf, as the background containing all 
unnecessary information was eliminated. 

 

  

  
Fig. 3.  Steps of the image segmentation process. 

C. Feature Extraction 

Feature extraction is a critical step in any CV system based 
on ML. Several feature extraction methods are used to obtain 
significant features that can be used in the disease classification 
stage. Some of the essential features adopted in plant disease 
detection are color, shape, and texture features [37-39]. Many 
researchers used techniques such as grey-level co-occurrence 
matrices and LBP for the extraction of texture features [40, 41]. 
This study focused on texture because it is the most common 
and important feature used to detect different plant diseases. 
The Local Binary Pattern (LBP) method [8] was used to extract 
the features, considering the texture and color of any image 
[41]. 

D. Classification Method Based on Machine Learning 

Classification is a supervised ML approach used in many 
applications such as disease prediction, classification, etc. [42], 
where the algorithms learn from the dataset how to classify. 
For evaluation purposes of the apple classifier, two ML 
algorithms were executed: SVM and KNN. SVM is a popular 
classifier algorithm that has been used to handle plant disease 

detection and classification [19, 42]. The SVM process 
determines whether plants are diseased or healthy by 
optimizing a hyperplane. This algorithm creates a separate set 
of features that classifies the data sample into two different 
classes. At first, the segmented images are used to extract the 
LBP features, and then the SVM is trained on the extracted 
features. KNN is another classifier algorithm that has been used 
in plant disease classification [18]. Its implementation includes 
the following steps: 

• Finding the closest neighbors using the distance measure. 

• Derive a classification from KNN using the distance rule. 

• How many neighbors does the new sample require? 

Plants are classified as diseased or healthy based on the 
KNN process by determining and calculating the nearest point 
to a new sample. If the nearest neighbor is diseased, then the 
plant indicates disease. Considering the K value to be small, K 
values of 1, 3, or higher are commonly employed to assist in 
minimizing noisy data sets. Finally, the KNN is trained on LBP 
features extracted from the previous stage. 

E. Classification Method Based on Deep Learning 

In DL, CNNs are most commonly used for image 
recognition and classification [43]. In contrast to the traditional 
feature extraction approaches, CNNs have been demonstrated 
to automatically learn robust and level features from raw 
images and outperform hand-extracting specific features. 
Pooling, convolution, and full connection layers are the main 
components of a CNN architecture. This study used one of the 
most popular CNN models, the GoogleNet architecture [43]. 
This model has been used successfully in CV challenges [14]. 
The goal is to employ these structures to improve the plant 
disease detection results. GoogleNet is a 22-layer deep CNN 
variation of the Inception Network, developed at Google [43]. 
The inception network employs parallel convolutions in 
conjunction with a max-pooling layer. This feature allows it to 
capture multiple features at the same time. However, 
GoogleNet was modified for this dataset and the classification 
procedure and trained on the segmented testing data. The 
parameters of some layers of the network were changed as per 
requirements. 

IV. EXPERIMENTS 

To evaluate the performance, a large publicly available 
dataset of crop leaf images called New Plant Diseases was 
obtained from Kaggle. This dataset consists of 54,306 images 
of 14 different plant leaves. For this study, 240 images of apple 
leaves were extracted, where 60 images were classified as 
healthy and 180 as diseased. The dataset contained images with 
noise, rotation, tilt, different lights, and backgrounds. Table I 
shows the description of the dataset. The accuracy is defined 
as: 

�������� � 	
 !"#$

 !"#!"#$" $
    (7) 

where TP, TN, FP, and FN represent true positive, true 
negative, false positive, and false negative respectively. The 
experiments were carried out on MATLAB R2020b, on a PC 
with an AMD Ryzen 5 3500U 2.10GHz CPU with Radeon 
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Vega Mobile GFX, 8GB of RAM, running Windows 10 64-bit. 
A training dataset was used to train the ML and DL models, 
and a validation dataset was used to avoid overfitting. The 
original dataset was divided into 70% for training and 30% for 
validation. 

TABLE I.  DATASET DESCRIPTION 

Class 

No. 

New Plant Diseases Dataset 

Apple Train sample Val sample 

1 Scab (diseases) 30 30 

2 Black_Rot (diseases) 30 30 

3 Cedar_Rust (diseases) 30 30 

4 Healthy 30 30 

5 Total 240 

 

V. RESULTS AND DISCUSSION 

A. Classification Methods 

During the experiment, multiple DL and ML models were 
implemented to evaluate their performance and determine 
which fits best this dataset and is most effective and efficient at 
classifying plant diseases. These models included CNN, K-
Nearest Neighbor, and SVMs. Accuracy and the Area Under 
the Curve (AUC) were used to analyze and compare the 
performance of these models. Figures 4-6 show the confusion 
matrices for the validation dataset of these models. Figures 7-9 
show the AUC for the Google Net, SVM classifier, and KNN 
classifier models, respectively.  

 

 
Fig. 4.  Confusion matrix for GoogleNet. 

 
Fig. 5.  Confusion matrix for SVM. 

 
Fig. 6.  Confusion matrix for KNN. 

 
Fig. 7.  AUC for GoogleNet. 

 
Fig. 8.  AUC for SVM classifier. 

Table II presents the comparison of the three models based 
on accuracy, training time, and AUC. 

TABLE I.  COMPARISON OF THE THREE MODELS 

 Accuracy Training Time AUC 

GoogleNet 98.5% 184 min 0.95 

SVM 82.25 101.68 sec 0.91 

KNN 70.3% 5.52 sec 0.72 
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Fig. 9.  AUC for KNN classifier. 

The maximum accuracy of 98.5% was achieved with 
GoogleNet. The DL classifier outperformed the ML because it 
was less complex, and there is no need to extract features 
before the classification process. Feature extraction is a 
necessary step before classification in ML methods. The DL 
classifier was also faster than the ML classifiers as the size of 
the dataset increased. ML algorithms such as KNN and SVM 
became slower as the dataset grew. On the other hand, SVM 
works better for binary classification, while KNN works based 
on majority voting, and DL learns to classify the 4 classes of 
apple leaves accurately on its own. Table III presents a 
comparison with similar works. Many studies have been 
conducted to diagnose plant diseases using ML and DL, but as 
most of them used different datasets and evaluation 
measurements, it is objectively difficult to compare the results. 

TABLE II.  COMPARISON WITH RELATED WORKS 

Models Study Accuracy This study’s accuracy 

Google Net 

[13] 

[14] 

[15] 

[16] 

94.12% 

94.85% 

94% 

95.69% 

98.5% 

SVM [15] 50% 82.25% 

 

In [13] a DL-GoogleNet architecture was introduced for the 
identification of apple leaf diseases and the results showed an 
accuracy of 94.12%. Several deep convolution networks, one 
of which was the GoogleNet, were utilized in [14] for the 
detection of apple leaf diseases, and their results were 
evaluated through accuracy performance. The accuracy 
achieved by GoogleNet in this study was 94.85%. ML-based 
classifiers and several DL models were utilized in [15], where 
SVM and GoogleNet achieved accuracies of over 50% and 
94%, respectively. A method to identify apple leaf diseases, 
based on the GoogleNet architecture, was presented in [16], 
which obtained an accuracy of 95.69%. Authors in [8, 17] used 
different datasets comprising of apple and other plant diseases, 
so it is difficult to compare their results. ML-based classifiers, 

namely SVM and KNN, were presented in [8] to detect and 
classify plant leaf diseases, obtaining accuracies of 67.27% and 
63.20%, respectively. An SVM classifier was presented in [17] 
for the detection and classification of plant leaf diseases, 
depending on feature extraction using LBP and obtaining an 
accuracy of 80.6%. These results show that the proposed 
method performed better than the others, as it attained 98.5% 
accuracy on GoogleNet, 82.25% on SVM, and 70.3% on KNN. 
Therefore, image processing, extracting, and important features 
acquisition play an important role in increasing the accuracy 
and effectiveness of the models. Moreover, as these approaches 
[8, 13-17] have a higher computational cost, the proposed 
method is more successful and efficient for classifying plant 
diseases. 

B. Plant Disease Detection System 

A Graphical User Interface (GUI), shown in Figure 10, was 
built for the proposed system to help users detect plant diseases 
and get appropriate recommendations for pesticides to treat any 
found disease. The screen is divided into three sections: the left 
part (input panel) to load or delete an image, the middle section 
displays the image after loading, and the right part (output 
panel) shows the classification result and the appropriate 
pesticides for the disease. 

Figure 11 presents a sample of results. As shown, the 
system detected apple scab disease and recommends sulfur 
pesticide to treat it. Figure 12 shows the result if no disease is 
detected and no pesticide is required. The user can press the 
delete button to test other images. 

 

 
Fig. 10.  Plant disease detection system. 

 
Fig. 11.  Detection of apple scab disease. 
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Fig. 12.  Detection of a healthy apple leaf. 

VI. CONCLUSION 

This study aimed to detect and prevent the spread of apple 
leaf diseases by detecting them in the early stages. To achieve 
that, 240 images were obtained and categorized as healthy and 
diseased. The images were pre-processed to improve the 
quality, and the Local Binary Pattern (LBP) method was used 
to extract features from the segmented region of interest. Three 
prediction models were applied: CNN, SVM, and KNN. 
GoogleNet acquired the highest accuracy at 98.5%. A user-
friendly GUI was created for the system that displays the 
classification results and recommendations for the treatment of 
diseases. During the investigation, some challenging problems 
arose because the symptoms of different diseases can be nearly 
identical and can appear simultaneously. In the future, the 
transition of this system to a mobile application in order to 
make its use easier and to obtain diagnosis faster, is intended. 
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Abstract-The flow of nanofluids through a porous medium is 

considered the optimum method for convective heat transfer. In 

this study, nanofluid flow in a porous pipe with Navier slip is 

investigated. Two water-based nanofluids, Copper (Cu) and 
alumina (Al2O3), were considered. The governing equation is 

presented and non-dimensionalization has been done for 

momentum and energy equations, initial and boundary 

conditions, skin friction, and Nusselt number. The governing 

system was simplified to ordinary differential equations, which 

were numerically solved and a mathematical model of nanofluid 

flow was formulated. The results, with regard to variations in 
various parameters such as temperature, velocity, skin friction, 

and Nusselt number, are presented graphically and discussed. It 

was found that the velocity during the flow decreases with the 
increase of the Navier slip. 

Keywords-Navier slip; skin friction; nanofluid; porous pipe 

I. INTRODUCTION 

Flow of a fluid through porous media occurs in many 
technical fields such as ground water flows, flow through 
embankment dams, composite-structures (culverts), filtering 
and waste water treatment. Authors in [1] studied the fluid flow 
in a uniform porous pipe considering suction and injection. 
They established that changes of velocity and vorticity were 
great in the boundary layer while outside the boundary layer 
their variation is low. Authors in [2] investigated the flow of 
nanofluids in porous media and the influence of the flow on 
heat transfer. It was discovered that porous media and 
nanofluids can be used to improve heat transmission. Although 
the flowing of fluids through porous media has been a subject 
of great interest for centuries, however, recently, the movement 
of nanofluids in porous media has caught a lot of attention 
especially in cooling systems, filtering systems, heat transfer, 
diffusion, and osmosis. 

In 1995, authors in [3] introduced new coolant fluids called 
nanofluids which, when compared to pure liquids exhibit the 
following advantages: higher specific surface area, greater 
dispersion stability with predominantly Brownian particle 
motion, reduced pumping power to obtain an equivalent 
intensity of thermal transfer, and reduction of the clogging of 
particles in relation to regular sludge. These advantages favor 
the miniaturization of the system. Authors in [4-6] have 
established that nanofluids possess variable particle 
concentrations, including thermal conductivity and adjustable 
properties to suit various applications and thus significantly 
improve heat transfer rates. Recently, in the field of heat 
transfer, studies of nanofluid flow in porous media have 
garnered much interest as a result of their diverse range of uses 
in high performance insulation, e.g. grain storage, buildings, 
packed sphere beds, geothermal systems, solar collectors, and 
underground spread of pollutants [1, 2, 7-11]. 

Skin friction is one form of drag, which happens when the 
fluid appears to shear around the surface of the wall and 
thereby it affects the energy expenditure. The performance of a 
forward moving object or fluid flowing through given media 
improves when the drag is reduced. Authors in [12] established 
that roughness can cause skin friction inside the pipe or duct or 
in the boundary layers of the fluid's flow. It was found that 
systematic roughness can be monitored by knowing which 
scales of roughness come up with high frictional drag. Most 
studies have considered a no-slip boundary condition at the 
solid wall. But in reality, this is not quite correct. For example, 
numerical experiments have indicated that in composite 
manufacturing processes and in lubrication approximation, the 
degree of wall slip becomes more important at wall surfaces, 
which means that micro and nano processes are used in wall 
slip [13]. Navier was the first to mention this ailment in 1827 
[14]. His model explains that the tangential celerity or 
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boundary slip velocity ����  varies proportionally with the 

tangential shear stress or shear rate ����  provided that the 
amount of slip or proportionality coefficient is constant with 
regard to the boundary flow conditions. This is called slip 
length ���. Slip length is driven by several factors, such as the 
surface roughness, the strength of the wall-fluid interaction, 
shear rate, and fluid structure. A non-zero, defined wall slip 
coefficient would better characterize the state of the wall 
boundary. Authors in [15-17] established that for a wide variety 
of materials (e.g. polymers and nanofluids), slip exists on solid 
surfaces. Such slip is known as the Navier slip. Many studies 
have been carried out on the Navier slip. Authors in [18] 
discussed Newtonian fluids flowing in an unsteady through a 
porous cylindrical pipe with slip conditions. They considered 
flow behavior for two different cases of small suction and small 
injection, and established that the magnitude of the axial 
velocity component is directly proportional to the numerical 
value of the slip parameter. Further, it has been observed that 
for small suction the value of the axial velocity component 
decreases and it increases when there is a small injection. 
Authors in [19, 20] studied the impact of nanofluid thermal 
radiation and convection flow due to the cylinder being 
stretched inside a porous medium, as well as the presence of 
slip boundary conditions and viscous dissipation. They 
observed that with a rise in the Eckert number, the thermal slip, 
the radiation parameters, and the Nusselt number decrease. In 
addition, with a rise in the velocity, natural convection and slip 
parameters are enhanced. Studies have established the 
existence of a close relationship between drag and partial slip 
parameters. For example, the drag values increase with the 
increase in the slip parameter [8, 12, 19]. The absolute value of 
the coefficient of skin friction decreases as heat 
generation/absorption and thermal radiation increase. Also, the 
overall stress levels are lowered by the regulated level of partial 
slip. With more attention to nanomaterials, e.g. nanofluids, it is 
predicted that there will be an increase in the application of 
partial slip boundary conditions in the future. Therefore, the 
slip at the wall surface is important as it can lead to the 
improvement of the design and operation of many industrial 
and engineering devices, for example devices for rheometric 
measurements, material processing, and fluid transportation 
[21]. 

In this paper, a mathematical model is developed and used 
to study the effect of Navier slip and skin friction on nanofluid 
movement in a porous pipe, which seems to be missing in the 
literature. 

II. MATHEMATICAL MODEL FORMULATION 

We consider an unsteady, one dimensional, laminar and 
incompressible flow through a porous pipe, of Cu and Al2O3 as 
nanoparticles in water-based nanofluids. These nanofluids 
exhibit a high level of catalytic activity consequently, they 
improve heat performance, and reduce wall temperature 
disparities. The two nanofluids are considered to be Newtonian 
and they are flowing with uniform velocity �. The partial slip 
condition on the wall of the porous pipe is assumed to hold. 
According to Newton's law of cooling, the pipe surface 
exchanges heat with the surrounding environment. The flow 
problem diagram is expressed in Figure 1. 

 
Fig. 1.  The schematic flow of the  problem.  

In Figure 1, the nanofluid temperature is denoted by T , 
and the velocity in the r-direction is given by u. 	
  represents 
the ambient temperature, ��  is the dynamic viscosity, �� is the 

nanofluid thermal conductivity, ��, �, ��  are the cylindrical 
polar coordinates, heat transfer coefficient is denoted by h and 

�  represents the Navier slip parameter. The equations 
governing the flow are: 

��
�� � 0    (1) 

��� 	�����̅ � � ��
�� � !	�"�� � ��� �#�

��# 	    (2) 

��$"��� ��%��̅ �� �%
�� � ��

�#%
��# � ��� ����� 

&
    (3) 

where, 	'̅  is the time and (  is the nanofluid pressure. The 

dynamic viscosity of the nanofluid is denoted by ��� ,	 	��$"���  

is the heat capacity of the nanofluid, and ���	represents its 

density. The nanofluid constants are defined as given in (4): 

��� � �1 ! *��� �*��     

+�� � ,-.
�/01�-.

, ,-.
,.

� 2,34&,.56&7�,.6,3�
2,34&,.547�,.6,3�

, 8 � �/01�3
�/01�.

,	   (4) 

��� � 9.
�:67�#.< , ��$"��� � �1 !*�2�$"5� �*��$"��      

where �� 	and 	�� respectively are the fluid and solid fraction's 

reference densities, the thermal conductivities of the solid and 
fluid volume fractions are represented by � and �, 	+�� 	is the 

thermal diffusivity of the nanofluid, *  is the solid volume 
fraction of nanoparticles, ��$"��  is the heat capacity of the 

solid and the heat capacity of base fluid is ��$"��. 

The initial conditions are given in (5) and the boundary 
conditions are given in (6) and (7). 

u�r, 0� � 0,			T�r, 0� � T@	,						where		0	 D r D a	    (5) 

��
��
�� �0, '	F�, � !�G�0, '	F�,									�0, '	F� � 	
 	    (6) 

G�H, '̅� � 0,				 ! ��
�%
�� 	�H, '̅� � I�	�H, '̅� 	! 	
�		    (7) 

TABLE I.  NANOPARTICLE AND WATER THERMOPHYSICAL 

PROPERTIES 

Physical properties Fluid phase (water) Cu Al2O3 

JK(J/kgK) 4179 385 765 

L (kg/mN) 997.1 8933 3970 

Source: [22, 23] 
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The following are introduced as dimensionless variables 
and parameters:  

� � %6%O
%P6%O

,					Q = �
R ,				S = �


 , ' =
�̅T.

# , 		U� = 9.

/.
, 

VW = R

T.

, X = 
"
9.R

, Y = − �"
�� , τ = 2/0153

2/015.
, [ = �


       (8) 

\$ = R#

01.�%P6%O�
, X� = 9.01.

,.
, $: = ,34&,.6&7�,.6,3�

,34&,.47�,.6,3�
, 

]^ = _

,.

, and � = 9.
`
 

Substituting the dimensionless quantities from (8) into (2), 
(3) and (5) - (7) results into (9) - (13) which form the model 
equations for this study. 

�a
�� = b

:6747/3//.
+ :

�:67�#.<�:6747/3//.�
�#a
�	d# − 			VW �a

�d 		   (9) 

�e
�� =		$: :

	f�	�:6747g�
�#e
�d# +

h0
	�:67�#.<�:6747g��

�a
�d  

&
			− 		VW�e

�d    (10) 

Q�S,0� = 0,			��S, 0� = 0    (11) 

�a
�d �0, '� = − `


9.
Q�0, '�,				��0, '� = 0    (12) 

Q�1, '� = 0, �e
�d �1, '� = −i]^��1, '�    (13) 

where VW  is the Raynolds number, A is the parameter for 
pressure gradient, X�  denotes the Prandtl number and Ec 
represents the Eckert number. The base fluid and the 
thermophysical properties of the nanoparticles can be used to 
derive the values of the parameters 		$: and 8. 

The skin friction (j�� and the Nusselt number (kG) are 

crucial for this type of study. They are defined as: 

j� � 
gl
9OR

,						kG = 
ml
,.�%l6%O�

    (14) 

where no is the heat flux at the pipe wall and 8o is the wall 
shear stress given by: 

8o � !��� ��
��p�q


,			no = −�� �%
�� p�q
    (15) 

Substituting  8o and no from (15) into (14) and using the 
dimensionless variables with manipulations results to: 

j� � ! 1
�1 − *�&.r

sQ
sS  

 at  S = 1		      (16) 

kG = $:
s�
sS 

III. NUMERICAL PROCEDURE 

The method of lines [24] is a semi-discretization finite 
difference approach for numerically solving a nonlinear Initial 
Boundary Value Problem (IBVP). We divide the solution 
region into equal rectangles or meshes. Each mesh point 
specifies the point's position in terms of t and ∆Q	or ∆S .The 
horizontal axis represents spatial variables, while the vertical 
axis represents time variables in this rectangular mesh grid. The 

method is used to discretize (9) to (13) which results in (21)-
(24). Then, the discretization of the partial differential 
equations (8) and (9) using second order central finite 
differences results in ordinary differential equations (21) and 
(22). 

ua
u� � b

:6747/ 3 /.
�     

:
�:67�#.<�:6747/3//.�

�avwx6&av4avyx
∆	d#  − VW �avwx6avyx

&∆d      (17) 

ue
u� = $: :

z{�:6747g� �
evwx6&ev4evyx

∆	d#  +     

h|
	�:67�#.<�:6747g� �

avwx6avyx
&∆d  

&
			− 					VW �evwx6evyx

&∆d  	    (18) 

where Q}�'� and �}�'� are the approximations of Q�S}, '� and 
��S} , '�. 

With initial conditions (11) we get (23) and boundary 
conditions (12) and (13) result in (24). 

Q}�0� = �}�0� = 0,			1 ≤ ^ ≤ k + 1    (19) 

Q} � 6~a#
∆d6~ , 	*: = 0, Q�4: = 1,			��4: = 	*��1 −i]^∆S�    (20) 

The system of nonlinear ordinary differential equations (17) 
and (18) with known initial condition (19) and boundary 
conditions (20) has been solved in Matlab. 

IV. RESULTS AND DISCUSSION 

Water-based nanofluids of two types, Cu and Al2O3, are 
considered in this study, while the Prandtl number is fixed at 
6.2, and the effect of the slip parameter ��� , solid volume 
fraction (*�, Reynold number (Re), Biot number (Bi), and 
pressure gradient (A) on the velocity profile and temperature 
profile are examined. Figure 2 shows that the nanofluid 
velocity profile of Al2O3 is higher than that of Cu and this may 
be attributed to the specific heat capacity of Al2O3 being higher 
than that of Cu. Also, the density of Copper is higher than that 
of Alumina.  

 

 
Fig. 2.  Copper and alumina nanofluid velocity profile. 

Figure 3 depicts the effect of nanoparticle fraction in 
velocity, demonstrating that as the nanoparticle fraction (*� 
increases, velocity decreases at the wall compared to the center 
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of the pipe. This may be due to the fact that the increase of 
nanoparticle regulates temperature of the fluid and causes the 
thermal boundary layer's viscosity to increase. Also this could 
be due to the density of the nanofluid. An increase in Re leads 
to a decline in velocity and this may be is caused by the 
uniform flow of nanofluid as revealed in Figure 4. Figure 5 
displays that velocity decreases with increase in �. This effect 
may be due to the nanofluid sticking at the wall which lowers 
the velocity and also due to the high viscosity of the fluid. 

 

 
Fig. 3.  Effect of increasing φ on velocity profiles. 

 
Fig. 4.  Effect of increasing Re on velocity profiles. 

 
Fig. 5.  Effect of increasing λ on velocity profiles. 

Figures 6-9 illustrate the temperature profiles of the 
nanofluids in the pipe and the impact of various factors on the 
fluid flow system. The temperature profile decreases as the * 
increases as shown in Figure 6, maybe due to the increase of 
the density of the nanofluid. Figure 7 illustrates the temperature 
decrease due to the increase of Re. When it reaches the wall of 
the pipe the temperature starts to rise due to the slippery walls. 

 

 
Fig. 6.  Effect of increasing φ on temperature profile. 

 
Fig. 7.  Effect of increasing Re on temperature profile. 

 
Fig. 8.  Effect of increasing A on temperature profile. 

w
w
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In Figure 8, as the pressure gradient �Y�  increases, 
temperature also increases since the viscosity is reduced. In 
Figure 9, the increase in Bi is associated with a reduction in 
temperature. This could be attributed to the convective cooling 
at the walls which means that there is heat loss through the 
wall. As demonstrated in Figure 10, copper-water nanofluid 
skin friction is higher than alumina-water nanofluid skin 
friction. This difference may be caused by the specific heat 
capacity of alumina which is lower than that of copper. Also 
alumina-water has a lower velocity gradient near the channel 
walls than Cu-water, hence this is to be expected.  

 

 
Fig. 9.  Effect of increasing Bi on temperature profile. 

 
Fig. 10.  Effect of increasing φ on the skin friction of Cu and Al2O3 

nanofluids. 

 
Fig. 11.  Effect of increasing Re on skin friction. 

In Figure 11, the decrease of skin friction with the increase 
of Re may be due to the slip parameter. This result is 
inconsistent with the results obtained in [5-7]. In Figure 12, we 
see that pressure gradient is inversely proportional to skin 
friction because the kinetic energy of the fluid is used to 
overcome the friction of the surface during the flow. This result 
is consistent with the results obtained in [5]. In Figure 13, by 
means of an increase in Re, the Nusselt number also increases, 
since during the flow, there is more heat which is produced due 

to the increase of speed. The viscosity is also reduced. 

 

 
Fig. 12.  Effect of increase in A on skin friction. 

  
Fig. 13.  Effect of increasing Re in Nusselt number. 

 
Fig. 14.  Effect of increasing Y on Nusselt number. 

N
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In Figure 14, we observe that the Nusselt number increases 
with the increase of pressure gradient since there is more force 
exerted which cause reduction in viscosity during nanofluid 
flow. In Figure 15, the Nusselt number also increases when the 
Biot number increases, maybe due to the reduction in viscosity 
since the fluid has a higher thermal conductivity. The decrease 
of Nusselt number with increase in slip parameter because of 
the convective cooling at the wall is presented in Figure 16. 

 

  
Fig. 15.  Effect of increasing Bi on Nusselt number. 

 
Fig. 16.  Effect of increasing � on Nusselt number  

V. CONCLUSION 

The effect of Navier slip and skin friction of nanofluid flow 
in a porous pipe have been investigated in this study. The 
simplified system of ordinary differential equations is 
numerically solved with the line method. The following is a list 
of the findings of the current study: 

• The velocity and temperature is enhanced by the Reynolds 
number. Navier slip parameter causes a decrease of velocity 
and a rise in Biot number coincided with a drop in 
temperature. 

• The temperature and velocity of copper-water nanofluid 
rises faster than that of alumina-water nanofluid.  

• Skin friction is retarded by increasing the Reynolds 
number, so we need to increase the volume of nanoparticles 

in the base fluid to overcome the increased skin friction. An 

increase of Reynolds number or Biot number causes the 
heat transfer at the wall to increase and the opposite for slip 
parameter. Therefore, near the wall, Navier slip reduces 
friction of the porous pipes, such that the more heat is 
transferred from the system by non-linear radiation. In a 
linear thermal distribution, the energy transfer coefficient is 

higher than in a non-linear thermal distribution. 

NOMENCLATURE 

��� Nanofluid density (kg.i6N� 

� Dynamic viscosity (kg/m.s) 

�, Kinematic viscosity (m
2
/s) 

��  Nanofluid thermal conductivity (W/m.K) 

* Concentration of nanoparticles 

$" Specific heat capacity (J/kg.K) 

� Navier slip parameter 

T Nanofluid temperature (K) 

	
 Ambient temperature (K) 

Bi Local Biot number 

Pr Prandtl number 

Ec Eckert number 

A Dimensionless pressure gradient 

j� Skin friction coefficient 

Nu Nusselt number 

P Pressure 
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Abstract-In this study, a predicated formula is been proposed to 

find the shear strength of non-prismatic beams with or without 

openings. It depends on the contributions of concrete shear 

strength considering the beam depth variation and existing 
openings, shear steel reinforcements and defines the critical shear 

section, the effect of diagonal shear reinforcement, the effect of 

inclined tensile steel reinforcement, and the compression chord 

influence. The verification of the proposed formula has been 

conducted on the experimental test results of 26 non-prismatic 

beams with or without openings at the same loading conditions. 

The results reflect that the predicted formula finds the shear 
capacity of non-prismatic beams with openings, it is conservative 

and can be used for designing without the strength reduction 
factor. 

Keywords-critical section; shear strength; opening; non-

prismatic beam  

I. INTRODUCTION 

The primary benefit of openings is that mechanical 
equipment may enter through the beams instead of below them. 
This decreases the building's floor-to-floor height and total 
cost. On the other hand, the load-carrying capacity of a 
reinforced concrete beam is diminished by the openings (i.e. 
deterioration of flexural and shear rigidities to the parts 
containing the opening) [1, 2]. To analyze and design beams 
with openings, various mechanical and numerical models have 
been presented for estimating their shear strength. Most models 
adopt typical beams with a constant prismatic section along 
them. The Reinforced Concrete Haunched Beams (RCHBs) are 
widely used. This type of beams has been extensively preferred 
in industrial and framed buildings, bridges, and structural portal 
frames, due to their advantages [3, 4]. The weight of the 
structure can be reduced and larger spans can be achieved by 
the use of RCHBs instead of prismatic beams without clear 
deterioration in loading capacity [5]. 

Only a few works have been conducted on the shear 
behavior of RCHBs. It should be noted that since the effective 
depth of RCHBs is variable along the length of the beams, their 
structural analysis and mechanical behavior differ from the 
analysis and behavior of prismatic beams. The ACI-318-19 
code gave only simple observations, while the ACI 318-14 
debates the variable depth members. These sections consider 
the effect of inclined flexural compression in calculating the 
shear strength of concrete where the internal shear forces at any 
cross-section are increased or decreased by the vertical 
component of inclined flexural forces. Section 27.4.5.3 of the 
ACI 318-14 discusses the inclined shear crack in the variable 
depth beams and recommends measuring the depth at the crack 
mid-length. According to the explanations stated above, the 
code did not provide any formulas to calculate the critical 
section or to consider the effect of the inclination on the shear 
force capacity of variable depth beams [6]. 

Currently, only a few details are available for calculating 
the shear behavior of non-prismatic reinforced concrete beams 
with web openings. Previous works dealt with solid prismatic 
reinforced concrete beams (with web openings). Some of them 
considered the analysis of non-prismatic reinforced concrete 
beams without openings. The objective of the current paper 
includes introducing a new shear design model of RCHBs with 
multiple transverse web openings. The proposed model 
depends on the experimental results. The proposed empirical 
expression considers the same conditions, adopting the total 
shear resistance of the RC beam with openings as the resistance 
provided by both concrete and the steel bars intersecting the 
failure plane by an angle of 45° pass through the center of the 
opening. 
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II. PREVIOUSLY PROPOSED EQUATIONS FOR SHEAR 
RESISTANCE OF RC BEAMS WITH WEB OPENINGS 

A. Shear Design Model for a Prismatic Beam with Openings 

Mansur [7] suggested that the beam may fail in two 
different modes. The first mode is similar to the failure seen in 
solid beams, where the failure plane passes through the 
opening's center. The second model includes the formation of 
two separate diagonal cracks, one in each member, linking the 
two solid beam segments, leading to failure. These kinds of 
failure were classified as beam-type failures and frame-type 
failures respectively. The developed equation for the beam-type 
failure depending on the failure mechanism is: 

�� = �
����		��� − ���+ ��		���	

� �� − ���+ ��		���	����    (1) 
where	�� 	 is the strength of concrete,	�� is the web width, � is 
the effective depth, and 	�� is the diameter of the opening. �� 
is the area of vertical legs of stirrups per spacing, ��� is the 
yield of steel stirrups, � is the spacing between stirrups, �� is 
the cross-sectional area of the additional reinforcement within 
the failure section, and α is the angle of inclination of diagonal 
reinforcement. 

In the case of frame-type failure, Mansur [7] considered the 
two chords to behave independently like a framed structure. 
Therefore both chord members demand independent treatment. 
Accordingly, a free-body diagram at the web opening was 
suggested. The applied shear, Vu, may be distributed between 
the two chords in proportion to their cross-sectional areas. 
Accordingly, the shear forces can be estimated by: 

��� = �� �!
�!"�#    (2) 

���� = �� − ���     (3) 
The Architectural Institute of Japan (AIJ) (1988) [8] 

adopted the following expression to predict the shear capacity �� of beams that contain a small opening. 
�� = $%.%'()*.)+�,-"�...

/
01"%.�( 21 − �.��45

6 7 + 0.846�<	�. ���= ��    (4) 
where >?  = 0.82 (100As/ 	�� )0.23, ��  is the diameter of the 
circular opening or, in the case of a square opening the 
diameter of the equivalent circle, which should be less than or 

equal to h/3, h is the total depth of the beam, and 
M

Vd
 is taken 

as less than or equal to 3. The term >� is a function of the 
effective depth d to account for size effects in shear and has a 
value from 0.72 to 1.0, ���  is the yield strength of stirrup 
reinforcement, dv is the distance between the top and bottom 
longitudinal bars, the term <	�  refers to the ratio of stirrup 
reinforcement with an area 	�� placed within a longitudinal 
distance dv/2 from the center of the opening and defined as: 

<	� = ��@AB C"DE@ C�
#.4�      )5(  

Mansur [7] modified the maximum admissible shear force 
(Vu)max  formula of (ACI - 318) for RC beams with openings: 

���F�G = 5 ∗ 0.85J0.17���′	. �. � − ���M    (6) 

B. Shear Design Models for RCHBs without Openings 

Based on the ACI 318 code’s equation intended for the 
evaluation of shear strength of prismatic concrete sections, 
authors in [9] proposed an expression for the shear strength 
which includes a modification factor that considers the depth 
variation along RCHBs. This factor is presented by the term 
(1+1.7  ��	N ). The proposed expression considers also the 
effect of the inclined flexural reinforcement. It takes the 
following shape: 

O
P.Q@ = 20.16√fc	 + 17ρsWX.Q

YX 7 	×  
1 + 1.7 tan ∝� 	+ρv. fy + 0.25ρs. sin α    (7) 

The German code DIN 1045-01 [10] addressed the shear 
resistance mechanism of RCHBs in detail. It introduced (8) to 
design the shear resistance of RCHBs: 

�d4 = �d45 − �,,4 − �!4 	 ≤ �dfC     (8) 
�df	C = 0.1. g. 100<	. �,h�%.iii . �. �. g 

= 1 + j(%%
4 	 ≤ �, < ≤ 0.02	    (9) 

�,,4 = 	lm1
%.'4 	tanN    (10) 

where �d4 is the concrete shear resistance, �d45  is the shear 
force, �,,4 is the shear resistance due to the inclination of the 
compression chord, �!4  is the shear resistance component of 
the inclined longitudinal tension reinforcements, and �df	C  is the 
design value of the shear bearing capacity of non-prismatic 
beams at design section. 

C. The Critical Effective Section for RCHBs 

The main challenge in predicting the shear strength of 
RCHBs is the determination of the critical effective section due 
to the variation of depth along them. In this regard, some 
researchers aimed to give an appropriate formula for this topic. 
Authors in [8] proposed an expression for estimating the 
effective depth at the critical section, defined in (11). 

�,n = �� + o6 − ��. tanN    (11) 
o6 = �� +	45�"pqBC�r� pqB C

%.�srpqB C 	 ≈ 2.7��    (12) 
Equation (13) was proposed in [12] to predict the critical 

effective depth (�,n): 
�,n = �uvw = x1 + 1.35 tanNz 

≤ J26{|}.6{~�r6{|}�
(�� +	ℎu��7 − �M    (13) 

where ℎu��  is the maximum depth of the beam, ℎuvw  is the 
minimum depth of the beam, � is the concrete cover, �uvw is 
the effective depth at maximum depth, and 	�6  is the non-
prismatic length. 

Authors in [13] formalized (14) to predict the effective 
depth at the critical section by the consideration of the effective 
depth of the RCHBs on support. This equation was introduced 
in the experimental part of the study. The proposed range of the 
inclination angle lies between -14.62o and +14.62o. 
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ℎ, = λ	 × ℎ�    (14) 
λ = 1 � 3.04	 tan ∝�r%.�%s e 1.55    (15) 

where ��  is the cross-sectional depth at support, �,  is the 
critical depth, and α is the inclination angle.  

Hassan [14] suggested the effective section at 
approximately a quarter of the length of RCHBs for beams 
without openings. Two mechanical models for failure were 
proposed in [13] depending on the position of the major 
diagonal shear crack. The proposed models differ from each 
other according to the contribution of the internal stresses. 

III. THE PROPOSED FORMULA 

The proposed equation consists of five discrete components 
as stated in (16). These components represent the contribution 
of the internal stresses to the proposed mechanical models as 
follows: 

�* � ∅x�� � �� � �4 � �� � ��z    (16) 
where ∅ is the shear strength reduction factor, which equals to 
0.75, �*  is the ultimate shear strength resulting from the 
contributions of each concrete 	�� , ��  is the shear 
reinforcement, �4is the diagonal reinforcement, ��the inclined 
flexural reinforcement, and �� is the compression chord 
contribution. 

A. Contribution of Concrete (��) 
The ACI-318 approach predicts the shear strength of the 

reinforced concrete prismatic beams without shear 
reinforcement. This approach has been modified in [7] 
involving the subtraction of the depth of the opening from the 
effective depth. This information was modulated to (17), in 
which the effective depth d was replaced by the effective depth 
at a critical depth dc (from 14)) and �� is the diameter or depth 
of the opening: 

�� � �0.17���		�	��. �� � ���    (17) 
For prestressed RCHBs with openings, the tension chord 

(lower chord) has been cracked at the ultimate stress, while the 
compression chord carried all the shear (upper chord). This is a 
safe approach because even after cracking, the lower chord will 
carry shear. The shear capacity of the compression chord can 
be found using the formula proposed in [15] for beams having 
prismatic sections, in which the balanced normal forces of 
lower chord tension and the compressive upper chord took into 
consideration the inclination of the upper chord ( ∝�  in 
calculating the axial force. 

�� � 2 21 � �*DE@∝
(%%%��7���	��. � � 0.17���	��. �    (18) 

where 

�=��		�� +	�?�	�?�    (19) 
where �� , � , and ��  are the width, depth, and the cross-
sectional area of the compression chord respectively, ��′ is the 
concrete strength, ��  is the axial compression force in the 
upper chord, and �� is the nominal shear strength provided by 
concrete. 

B. Contribution of Shear Reinforcement (��) 
Shear reinforcement has a significant effect on the beam 

capacity. Therefore, the corresponding equation of ACI 318 
was used to calculate the contribution of shear reinforcement 
(��). Mansur [7] found that obtainable stirrups to support shear 
across the failure plane are those at the sides of the opening 
within a distance (�� � ��), where �� is the distance between 
the top and bottom longitudinal rebars, and �� is the opening's 
diameter (or depth). On the other hand, for non-prismatic 
beams, (19) has been adopted for RCBHs with openings. The 
dv is replaced by the ��� referring to the distance between the 
centroids of extreme tension and compression reinforcement 
layers at the critical section according to (14) and the 
parameters �� , �  and, 	���  represent the area, spacing, and 
yield strengths of the steel stirrups respectively (Figure 1). 

�� � ��	���
� ��� � ���    (20) 

 
Fig. 1.  Shear resistance components. 

C. Contribution of Diagonal Reinforcement (�4) 
When diagonal reinforcement is used in an RC beam, 

energy absorption is improved and ensures that the beam with 
openings will reach its ultimate flexural capacity which is 
referred to as the flexural failure. Mansur [7] converted the 
contribution of the additional diagonal steel reinforcement by 
adding the slope angle of reinforcement. The contribution of 
diagonal reinforcement may be calculated by: 

�4 � 	��		��� sin ∝    (21) 
D. Contribution of Inclined Flexural Reinforcements (��) 

In the case of non-prismatic section with a horizontal upper 
chord and an inclined lower one, the nominal shear 
contribution of concrete and of the longitudinal reinforcement 
is affected by the non-prismatic inclination flexural 
reinforcements concerning each prestressing or mild steel due 
to the vertical component of forces and the truss action of the 
inclined steel bars, as shown in Figure 2. Equation (22) is 
developed to calculate the contribution of the inclined flexural 
reinforcements by adding the angle of inclined flexural strength 
which affects the ultimate shear strength. 

 

 
Fig. 2.  Force actions of the varied-depth concrete members. 
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��� � 			��		�� sin ∝  

��� � 			�?�		�?� sin ∝    (21) 

�� �	��� � ���  

where 	���, ��� are the shear resistance due to prestressed and 
mild steel forces respectively, and, from equalizing the tensile 
and compressive forces, ��  is the shear resistance due to the 
inclination of the compression chord of the beam. 

E. Contribution of Compression Chord (��) 
All the previous design methods to define the nominal shear 

strength of RCHBs neglect the compression chord influence. 
The new proposed formula includes the contribution of 
compression chord (�o ) which has been found from the 
flexural equilibrium. At a vertical section along the beam as 
shown in Figure 3, the horizontal forces can be represented by 
two components: the horizontal component of the compressive 
force (�o�) equalized to the lower tensile force (� ). These 
components have the values (from equilibrium): 

���	=	� � 	 ��		��+	�?�		�?��    (22) 
The compression resultant �o  acts at an angle α to the 

horizontal. The vertical component of the compressive resultant 
��� has the value seen in (23). 

 ��N	 � �,�
�,6	, ���	 � 	� 	 ��N, 

�� � ���=��		��+	�?�		�?�� ��N    (23) 
 

 
Fig. 3.  Compression chord influence. 

IV. EXPERIMENTAL DATABASE 

The experimental database, consisting of the test results of 
26 RCHBs, was compiled from [14, 16]. All tested beams were 
simply supported, had a rectangular cross-section with a width 
of 100mm, and varying height from 400mm at the center to 
250mm at ends. All beams have a total length of 3000mm and 
a clear span of 2800mm. The one-point loading system was 
used. The experimental program conducted in [14] consisted of 
casting and testing 13 beams, including a reference beam 
without openings (solid). The details of reinforcement are the 
same for all the tested beams and consisted of 4-∅6mm 
coordinated in two layers in the compression chord and 2-∅6+2-∅12mm coordinated in two layers in the tension chord. 
Closed shear stirrups, manufactured out of 4mm bars, were 
supplied over the entire span of the upper and lower chords of 
the tested specimens with openings at a constant spacing of 
50mm. Table I shows the parametric details of the tested 
beams. Al-Khafaji [16] progressed the study conducted by 
Hassan [14] by using prestressing reinforcement, keeping the 
same experimental parameters. 

V. MODEL VERIFICATION 

A. Statistical Correlations 

The proposed formula has been verified with the 
experimental results [14, 16]. It should be mentioned that from 
the five shear strength contributions of the predicated formula 
in (16), only three of them have been verified because no 
diagonal steel reinforcement nor inclined tensile reinforcing 
were used. Table II shows the comparison of the experimental 
results and the predicted shear strength values resulting from 
the proposed formula. The correlations of the results are 
represented by the Coefficient Of Variation (COV). The 
correlation factors for the experimental results of [14] to the 
proposed formula are: the average 

���+
�+n�  = 0.866, the standard 

deviation is 0.102 and the COV is 0.102. The correlation 
factors for the experimental results of [16] to the proposed 

formula are the average 
���+
�+n� = 0.889, the standard deviation is 

0.08, and the COV is 0.089. The statistical parameters stated 
above proved the good performance of (16) in [14, 16]. These 
results reflect that using the predicted formula to find the shear 
strength of non-prismatic beams with openings is conservative 
and can be used for design and analysis. 

B. Analysis Example 

We analyze the web openings for GT6 (3m) span, with ��′ 
of 35mPa, critical section from (14) λ = (1-3.04tan 5.906)–0.608 = 
1.258 ≤ 1.55, and hc =315mm	at a distance of 625mm from the 
support pass through the first opening near the support. 

Contribution of concrete (��):  
�� � �0.17√35	�	100. 295 � 120� � 17.5	g�  

Contribution of shear reinforcement (�s): 
�� � (�Zi.%	

�% 275 � 120� � 28.5g�  
Contribution of compression chord (��): 

�� � 226Z 600+	56.5 Z 550� ��5.9 � 17.25g�. 
So, we get: 

��	+n�4v,�!�4 .	=	0.75(17.5+28.5+17.25)=47.43kN	 
VI. CONCLUSIONS 

• The common failure mode for non-prismatic beams with 
openings is diagonal shear failure which does not exceed 
beam-type failure or frame-type failure.  

• The shear strength contributions of the non-prismatic beam 
with openings consists of concrete (VC), shear 
reinforcement (��), diagonal reinforcement (�4 ), inclined 
flexural reinforcements (��), and compression chord (��). 
Each has a different effect on the shear strength. 

• The results reflect that the predicted formula to find the 
shear capacity of non-prismatic beams with openings is 
conservative and can be used for design with the difference 
between the experimental results reaching 13% with 11.8% 
COV. 
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TABLE I.  DETAILS OF THE TESTED BEAMS BY [14] 

Group 
Beam 

mark 
Shape of openings 

Number of 

openings 

Total area of 
openings (mm2) 

Width of 
openings (mm) 

Height of upper 
chord (mm) 

Height of lower 
chord (mm) 

A 

GB ------ ------ 0 ------ ------ ------ 
GT6 

Trapezoidal 

6 180000 200 100 100 
GT8 8 174000 150 100 100 
GT10 10 144000 100 100 100 

B 
GTH6 6 240000 200 75 75 
GTH8 8 234000 150 75 75 
GTH10 10 195000 100 75 75 

C 
GP6 

Trapezoidal with 
inclined posts 

6 154000 200 100 100 
GP8 8 151000 150 100 100 
GP10 10 138000 100 100 100 

D 
GC1 

Circular 
8 184200 D 75 75 

GC2 8 128000 0.83D 100 100 
GC3 8 82000 0.67D 120 120 

TABLE II.  ANALYSIS AND EXPERIMENTAL RESULTS OF TESTED BEAMS 

Beam 's labeling ���� 
kN 

 

���� 
kN 

����
���� 

Beam 's labeling ���� 
kN 

 

���� 
kN 

����
���� [14] [16] 

GB 45 57 0.789 PGB 74.2 82.5 0.89 
GT6 38.9 47.43 0.82 PGT6 66.1 74.25 0.89 
GT8 40.1 47.66 0.84 PGT8 70 74.77 0.936 
GT10 41 47.77 0.85 PGT10 71 75.75 0.937 
GTH6 36.95 37.5 0.98 PGTH6 47.45 67.5 0.702 
GTH8 38.4 38.25 1.00 PGTH8 52.3 67.87 0.770 
GTH10 40.25 38.4 1.048 PGTH10 56 68.25 0.820 
GP6 41.25 49.57 0.83 PGP6 69 73.5 0.938 
GP8 41.9 50.7 0.826 PGP8 70.85 74.25 0.954 
GP10 42.2 58.2 0.725 PGP10 71.6 78.75 0.909 
GC1 40.75 41.32 0.98 PGC1 68.7 71.25 0.964 
GC2 43 51.45 0.835 PGC2 71.9 75 0.958 
GC3 43.95 59.7 0.736 PGC3 72.35 80.25 0.901 

Average   0.866 Average   0.889 
Standard deviation 0.102 Standard deviation 0.08 

COV 11.8% COV 8.9% 
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Abstract-This study presents a numerical investigation of the 

reflectivity of a Single Anti-Reflective Layer (SARL) and a stack 

of antireflective layers made of porous silicon. The stack consists 

of a certain number of periods, and each period contains two 

layers with different porosity. The simulations were conducted 

using the well-known Stratified Medium Theory (SMT) 

framework and the effect of porosity was studied. The optimal 
value was determined at 60% for the SARL and 65/55% for the 

stack of 12 periods and 6 layers. The angle of incidence was found 

to have more influence on the stack reflection than on the SARL 

reflection. The results of this investigation show that porous 

silicon can be used as an effective anti-reflective coating for 

silicon solar cells. 

Keywords-porous silicon; silicon; solar cell;reflectivity 

I. INTRODUCTION  

The photovoltaic effect is defined as the direct 
transformation of electromagnetic energy (solar radiation) into 
directly usable continuous electrical energy, and it was 
discovered in 1839 [1]. The photovoltaic effect has been 
exploited for the design of photovoltaic solar cells. Since the 
1990s, photovoltaic energy has attracted growing interest and 
many technological advances have been made through several 
technological sectors. Photovoltaic electricity production has 
increased exponentially since 2001, and projections are quite 
optimistic for the coming years [2]. Cell efficiency will 
certainly increase and, according to the Community Research 
and Development Information Service (CORDIS), the lifespan 
of cells in 2030 will be 40 years with an energy payback time 
of only one year and very satisfactory efficiency [3]. The 
efficiency of a solar cell is mainly limited by the various losses 
that occur in the cell. Among these losses, the reflection of 

incident photons at the surface of the cell (emitter, or window 
layer) contributes to the degradation of the collection efficiency 
of the cell. To remedy this problem, antireflection layers are 
often used on the front face of the cell to reduce the reflected 
fraction of incident radiation and improve the transport of 
carriers via the passivation of defects inside the cell [4-6]. The 
simplest way to create an anti-reflective coating is to deposit a 
quarter-wave layer of a dielectric with an intermediate 
refractive index between that of the emitter (or the window) 
and the air (TiO2, Si3N4, Ta2O5, etc). For silicon, for example, a 
layer of Si3N4 quarter wavelength centered on the maximum of 
the solar spectrum AM1.5 reduces the reflection by 12% on 
average in the wavelength range 400-1100nm, increasing the 
photocurrent by 45% [7]. It should be noted that the reflection 
of silicon is between 35-40%, depending on the synthesis 
process [7-10]. In addition, porous silicon can be used as an 
alternative antireflective coating for silicon solar cells since the 
basis material is the same. 

Porous silicon was accidentally discovered in the 1950s in 
an attempt to develop an electrochemical method to fabricate 
silicon substrates for microelectronic devices. Under the 
appropriate electrochemical conditions, the silicon substrate did 
not dissolve uniformly as expected. However, fine holes 
appeared, propagating primarily within the material in the 
[100] direction. Since this did not provide the desired smooth 
polish, the material was somewhat abandoned. During the 
1970s and 1980s, significant interest arose because the high 
surface area of porous silicon was found to be useful as a 
model of the crystalline silicon surface in spectroscopic studies 
[11-14], as a precursor to generate thick oxide layers on silicon, 
and as a dielectric layer in capacitance-based chemical sensors 
[15]. Interest in porous silicon, and in particular its 
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nanostructure, exploded in the early 1990s when Ulrich 
Goesele at Duke University identified quantum confinement 
effects in the absorption spectrum of porous silicon, and almost 
simultaneously Leigh Canham in England reported efficient 
bright red-orange photoluminescence from the material [16, 
17]. The quantum confinement effects arise when the pores 
become extensive enough to overlap with each other, 
generating nanometer-scale silicon filaments. As expected from 
the quantum confinement relationship [18], the red to green 
color of photoluminescence occurs at energies significantly 
higher than the bandgap energy of bulk silicon (1.1eV, in the 
near-infrared). A little after, enormous work focused on 
creating silicon-based optoelectronic switches, displays, and 
lasers. At the same time, the unique properties of the material, 
such as large surface area, controllable pore sizes, convenient 
surface chemistry, and compatibility with conventional silicon 
microfabrication technologies, prompted research into novel 
applications: various biomedical sensors, optics, and 
electronics applications emerged [19]. 

This study examines the use of porous silicon with different 
porosity values as an antireflection coating to reduce light 
reflection and improve the conversion efficiency of silicon 
solar cells. Two different cases were considered: single 
antireflection layer and multilayered stack antireflection 
coating. The effect of the incidence angle was examined along 
with the determination of the reflectivity in each case. 

II. COMPUTATIONAL METHODOLOGY 

The Stratified Medium Theory (SMT) was used for the 
calculation of the reflectivity of the studied ARCs. This 
approach is known to combine a simple formalism and great 
flexibility of use. More insights and details about SMT are 
given in [20-22]. Within SMT, the inhomogeneous medium is 
subdivided into N inhomogeneous strata with refractive index ��� . Each stratum is represented by a complex characteristic 
matrix �� . Matrices ��  and ��  correspond to ambient and 
substrate semi-infinite media, respectively, as detailed in 
[21,22]. The simplified relation: 

�ab
 � M�∏ M����� �M�	    (1) 
can be written more explicitly: 

�ab
 � �p���
p���� ∏ � cosδ�	 p���sinδ�ip�sinδ� cosδ�

"���� � 1p��     (2) 
where $� is the phase shift due to the jth stratum: 

δ� � %&
' N� �d�cosθ�    (3) 

and +� is determined from the incidence angle +� according to 
the Snell-Descartes law: 

N� �sinθ� � N��sinθ�    (4) 
For Transverse Electric (TE) polarization, ,� � ���-./+� , 

and for Transverse Magnetic (TM) polarization, ,� � ���/-./+�. Fresnel coefficients are calculated for both polarizations 
and each wavelength using: 

R23 � 4a
b523 

and 

R26 � 47
8526    (5) 

Reflectivity can then be expressed as [21,22]: 

R � �
% 9R23R23∗ ; R26R26∗ <    (6) 

III. RESULTS AND DISCUSSION 

A. Single Antireflection Layer 

Figure 1 represents the reflectivity as a function of the 
incident wavelength for a single antireflection layer made of 
porous silicon with different values of porosity ranging 
between 55 and 80%. As can be noted, the reflectivity at first 
increases, reaching a maximum value for wavelengths below 
400nm and then decreases until the wavelengths approach 
630nm. Beyond 630nm, the reflectivity increases again. 
Furthermore, the lowest reflectivity is obtained in the vicinity 
of 630nm and corresponds to porosity values of 55, 60, and 
65%. The best-retained result corresponds to a porosity of 60% 
and therefore to a refractive index of 1.96. This is in agreement 
with the findings reported in [23]. However, the reflectivity in 
the vicinity of 630nm in this study is better than the one 
obtained in [23]. In general, good agreement is recorded for 
other wavelengths. 

 

 
Fig. 1.  Reflectivity vs wavelength for a single porous silicon anti-

reflection layer for different porosity values. 

B. Effect of the Number of Layers in the Stack 

The anti-reflective coating is obtained by stacking a certain 
number of periods, each of them consisting of two layers of 
porous silicon with different porosity values. The effect of the 
number of layers of the stack on the reflectivity is illustrated in 
Figure 2. As can be noted, the stack of layers with minimum 
reflectivity consists of alternating layers of respective porosities 
65/60% with nL=6 periods. However, the corresponding 
wavelength range is relatively narrow. The stack with 6 layers 
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of respective porosity values of 65/55% is preferable as it is 
characterized by a wider range of wavelengths extending from 
580 to 690nm. The corresponding minimum reflectivity is as 
low as 1.46%. This can be traced back to the effect of the 
quantum confinement phenomenon. More details about this 
phenomenon can be found in [24-28]. These results are 
qualitatively similar in trend to the requirements reported in 
[29-35]. 

 

 
Fig. 2.  Reflectivity vs wavelength for a stack of porous silicon anti-

reflection coatings for different porosity values. 

C. Effect of the Angle of Incidence for a Single ARL 

The influence of the angle of incidence on the reflectivity of 
a simple porous silicon antireflection layer of 60% porosity 
with refractive index 1.96 is shown in Figure 3.  

 

 
Fig. 3.  Reflectivity as a function of the angle of incidence for a single 

porous silicon anti-reflection coating with a porosity of 60%. 

As it can be observed, the reflectivity is almost zero for 
angles of incidence less than 30°. This reflectivity increases up 
to 0.05 for angles between 30° and 53°, then it increases more 

for higher values of the angle of incidence. Therefore, it can be 
concluded that the angle of incidence affects the reflectivity 
only slightly until the angle of incidence exceeds 55°. 
Qualitatively similar behavior was reported in [22]. 

This result is confirmed in Figure 4 which represents the 
dependence on the wavelength of the reflectivity of a single 
layer of porous silicon used as an antireflection coating on a 
silicon-based photovoltaic cell, for different angles of 
incidence ranging from 0 to 80°. It is noted that the lowest 
reflectivity is recorded for normal incidence, and increasing 
the angles to more than 30° deteriorates the reflectivity. 

 

 

Fig. 4.  Reflectivity vs. wavelength for a single porous silicon anti-

reflection layer with 60% porosity for different incidence angles.  

D. Effect of the Angle of Incidence for a Stack of Anti-
Reflection Layers 

The chosen stack of layers was the optimal one consisting 
of stacking of porosity 65/55% with 1.78/2.14 refractive 
indices and nL=6 (nL being the number of layers in the stack). 
The corresponding reflectivity is plotted as a function of the 
angle of incidence in Figure 5.  

 

 
Fig. 5.  Reflectivity as a function of the angle of incidence for a stack of 

porous silicon antireflection layers with a porosity of 65%/55%. 
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Fig. 6.  Reflectivity vs. wavelength for a stack of porous silicon anti-

reflection layers with a porosity of 65%/55% for different incidence angles. 

As can be observed, the reflectivity is between 1.66% and 
18% for angles of incidence less than 20°, and between 18 and 
22.7% for angles between 20°-30°, and increases rapidly for 
angles above 30°. This confirms that the lowest reflectivity 
corresponds to the normal incidence, while the reflectivity of 
the stack increases when moving away from normal incidence. 

Figure 6 shows the reflectivity as a function of wavelength 
for angles of incidence ranging from 0 to 80°, for a stack of 
porous silicon anti-reflection layers with a porosity of 65/55%. 
It can be noted that the lowest reflectivity is recorded for the 
case of normal incidence. Furthermore, as the angle of 
incidence exceeds 20°, the reflectivity increases and shifts 
towards the lowest wavelengths.  

The conversion efficiency of a solar cell can be improved 
by making a judicious choice of the number of junctions in the 
cell and the materials whose energy gap can be controlled. This 
control can be easily obtained by alloying binary compounds to 
obtain ternary semiconductor alloys such as GaAs1-xNx, GaSb1-
xNx, or InAs1-xNx [36-39]. Other alloys that contain low 
concentration magnetic elements, called dilute magnetic 
semiconductors, can also be considered [40-43]. Their gaps are 
controllable by varying the concentration of the magnetic 
element and also by taking advantage of the spin channels. 

IV. CONCLUSION 

The reflectivity of a single antireflective layer made of 
porous silicon along with that of a multilayered stack of the 
same material was examined to reduce the reflection losses 
occurring in silicon solar cells. The effect of porosity, number 
of layers, and incidence angle was addressed and analyzed. The 
optimal porosity value was found to be 60% for the single anti-
reflective layer and 65/55% for the multilayered antireflective 
stack with 6 periods. The incidence angle effect was less for the 
single antireflective layer than for the stack. These results show 
that porous silicon can be used efficiently as an anti-reflective 
coating and can lead to improvements in the photovoltaic solar 
cell conversion efficiency. 
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Abstract-Lime mortar has many advantages, yet its durability 

properties are the most remarkable, making it very useful in 
building preservation. Traditional mortar for conservation and 

restoration work contains lime, which guarantees that the fresh 

mortar is applied to the underlying layer, increases its setting 

time, and gives adequate workability. This research aims to 

determine the durability performance, mechanical properties, 

and optimum percentage of organic admixtures to be used in lime 

mortar. Five mix proportions and one control lime mortar mix 
were prepared. Mixes with jaggery sugar and sticky rice with 

weight proportions of 3%, 6%, 9%, 12%, and 15% were 

compared with the control lime mortar mix. The results show 

that 9% sticky rice lime mortar achieved the highest 
performance in terms of mechanical and durability properties. 

Keywords-lime mortar; conservation; jaggery sugar; sticky rice; 
water absorption   

I. INTRODUCTION  

Lime mortar is being replaced by modern materials in the 
renovation of old buildings, since the development of cement in 
the 19th century [1], because of the problems encountered with 
the use of lime mortar, including prolonged setting and 
hardening periods, especially at high relative humidity, low 
internal cohesion, poor mechanical properties, and high 
porosity [2]. Such properties make lime mortar susceptible to 
damage by salt contamination after being saturated with water 
[3]. However, issues also arise when modern materials and 
techniques are adopted in the renovation and reconstruction of 
existing ancient buildings. Moisture and salt gradually 
accumulate behind the impervious finishes and cannot 
evaporate, thereby accelerating timber decay, which allows the 
growth of beetles [4]. Consequently, high humidity causes the 
plastering to blister, makes the layers of paint fail and the joists 
rot, and, in time, the building may collapse. When lime is 
adopted as plaster in a building, the problems of condensation 
and blistering can be reduced. A building can withstand humid 
conditions by evaporating its excess moisture [5]. Nowadays, 
the utilization of lime mortar for the restoration of historic 
buildings is being revitalized because of the detrimental 
characteristics of Portland cement, such as its high thermal 
expansion coefficient and its brittleness [6]. The small pores of 
Portland cement that produce its low porosity can delay the 

movement of water within the masonry and cause deterioration 
to occur due to the presence of water in the cement matrix, 
while the salts are evaporated into the adjacent bricks [7]. 
Besides, lime is a standard universal binding medium for work 
including plastering and is used with mortars for building 
houses with historic masonry. One of the main reasons for its 
wide-ranging functions is that it allows buildings to breathe [8]. 
Hence, this study focuses on the potential utilization of sticky 
rice and jaggery sugar as additives in lime-based mortar.  

II. MATERIAL CONSTITUENTS, MIX PROPORTIONS, AND 

TESTS 

A. Materials and Tools 

The materials involved in this research were lime putty, 
glutinous rice flour, jaggery sugar, and fine sand which were 
obtained from local suppliers. In addition, some tools were 
required in order to prepare, measure, and determine the 
mechanical properties and the performance of the samples. For 
instance, the researchers used an electronic balance, a mortar 
mixer, a mold (Figure 1), a vibrating table, an oven, a Gotech 
universal testing machine, a desiccator, a flow table, and a rice 
cooker. 

B. Mix Design 

A mortar mix design is defined as the procedure of 
identifying the appropriate proportions of lime: sand: water for 
the lime mortar to achieve effective levels of mechanical 
strength and good performance of the structures. The lime 
mortar mix design included some steps, calculations, and 
laboratory testing to identify the correct proportions of the mix. 
A group using the design mix of lime: sand: water with a ratio 
of 1: 2.5: 0.45, and another 10 groups of the design mix with 
the addition of additives in 3% increments of weight fraction, 
were prepared. The mix proportions and mortar designation 
ratios are illustrated in Table I. 

C. Experimental Setup 

1) Workability Test 

The flow table test consisted of a table with a diameter of 
300mm and a mould manufactured in the shape of a conical 
frustum. Firstly, the conical frustum was filled with mortar in 
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two layers, and each layer was compacted by 10 blows with a 
tamping rod. The excess mortar was removed from the top of 
the conical frustum and flattened. After 15s, the conical 
frustum was removed slowly from the mortar with a steady 
upward pull, before immediately being lifted and dropped on 
the table by turning the wheel at a specified height and 
repeating this 15 times in 15s. Lastly, the final diameter of the 
spread sample was measured using vernier callipers. 

 

 
Fig. 1.  A mortar mixer was used to prepare the lime mortar. 

TABLE I.  MIX PROPORTIONS AND MORTAR DESIGNATION RATIOS 

Mortar 

group 

Weight 

fraction 

(%) 

Ratio lime: sand: water: admixture 

Lime 

putty 

Fine 

sand 
Water 

Sticky 

rice 

Jaggery 

sugar 

Control 0 1 2.5 0.45 - - 

Sticky rice 

lime mortar 

3 1 2.5 0.45 0.03 - 

6 1 2.5 0.45 0.06 - 

9 1 2.5 0.45 0.09 - 

12 1 2.5 0.45 0.12 - 

15 1 2.5 0.45 0.15 - 

Jaggery sugar 

lime mortar 

3 1 2.5 0.45 - 0.03 

6 1 2.5 0.45 - 0.06 

9 1 2.5 0.45 - 0.09 

12 1 2.5 0.45 - 0.12 

15 1 2.5 0.45 - 0.15 
 

2) Water Absorption Test 

The water absorption test was conducted in compliance 
with BS EN 1881-122 [9]. Nine cylinder specimens with 
dimensions Ø75mm×100mm high were used. The samples 
were removed from the curing tank 3 days before the test and 
were oven-dried at 105±5°C for 72±2h. Then, the samples were 
taken from the oven and were allowed to cool to room 
temperature. Immediately after cooling, the samples were 
weighed under standard conditions. Then, the samples were 
immersed in water for 30±0.5min. Then, the samples were 
removed from the bucket and the water on the surface was 
removed using a dry cloth.  

3) Porosity Test 

The porosity test was conducted in compliance with BS EN 
993-1 [10], as shown in Figure 2. Cylinders measuring 
Ø45mm×50mm were withdrawn from the curing tank 3 days in 
advance. Then, the samples were dried in the oven at a 
temperature of 105±5°C for at least 72±2h to remove all the 
moisture and the dry samples were weighed after the heat had 

radiated. The dry samples were immersed in a vacuum water-
saturated machine and were covered with the lid by slipping off 
the lid carefully to maintain airtight conditions in the 
desiccator. Then, the vacuum pump was turned on and the 
samples were soaked in water for 48±2h. Afterwards, a dry 
cloth was used to wipe the liquid from the surface of the 
samples before the saturated samples were weighed with an 
electronic balance. The readings were recorded, and the 
difference was measured. 

 

 
Fig. 2.  Porosity test was carried out with the vacuum saturation method. 

4) Compression Test 

The compression test was carried out in accordance with 
BS EN 1881-116 [11]. Three specimen cubes measuring 
150mm×150mm×150mm were obtained before the test. One 
day before the test, the specimens were taken from the curing 
tank and were dried for 24h in the oven. Once the specimens 
had cooled to room temperature, the test was conducted with 
the Gotech Universal Testing Machine. Figure 3 illustrates the 
setup of the axial compression test. 

 

 
Fig. 3.  Compression test setup. 

5) Flexural Test 

According to BS EN 1521 [12], the flexural test was 
conducted on 40mm×40mm×160mm lime mortar prisms, as 
shown in Figure 4. The specimens were removed from the 
curing tank and oven-dried for 24h before the test. The 
specimens were then placed on two supporting rollers, with a 
third roller situated above the specimen and midway between 
the supporting rollers. Next, the samples were slowly moved 
down the roller to ensure that the top surface of the prism was 
in contact with the loading roller. The load was applied to the 
prism at a constant rate until failure. 
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Fig. 4.  Flexural test setup. 

III. RESULTS AND DISCUSSION 

A. Workability 

Figure 5 illustrates the results of the fresh lime mortar 
workability with different percentages of sticky rice and 
jaggery sugar. The workability of the control group (lime 
mortar without sticky rice or jaggery sugar) was 16.1mm, 
which was the lowest workability of all the fresh lime mortars. 
The consistency increased to 16.5mm, 16.9mm, and 17.6mm 
with the addition of 3%, 6%, and 9% sticky rice respectively. 
However, the workability of the mortar mix decreased to 
16.7mm and 16.3mm when 12% and 15% of sticky rice were 
added. Moreover, the addition of 3% and 6% of jaggery sugar 
increased the workability to 16.8mm and 17.9mm respectively, 
while the workability of the mortar mix started to decrease 
when 9%, 12%, and 15% of the jaggery sugar were added. 
When the concentration of sticky rice reached 9%, the lime and 
sand particles slid against each other easily.  

 

 
Fig. 5.  Workability of lime mortar with different percentages of sticky rice 

and jaggery sugar. 

Sticky rice functions as a viscosity modifier that improves 
the consistency of lime mortar. On the other hand, when the 
concentration reached 12%, the workability decreased due to 
the high adhesive strength of the sticky rice which caused the 
lime and sand particles to bind together easily, thus preventing 
the particles from sliding against each other [13]. Sticky rice 
acted as a lubricant, making the mortar easier to spread. Apart 
from that, the addition of jaggery sugar extended the setting 
time of the lime mortar due to the formation of a thin layer on 
the mortar particles and the delay in the process of hydration. 
The calcium ions improved the solubility and prevented the 
formation of calcium hydroxide. This improved the setting 
properties of the lime mortar. 

B. Water absorption 

Figure 6 shows the result of the water absorption of lime 
mortar with different percentages of sticky rice and jaggery 
sugar. The control group achieved the highest water absorption, 
which was 14.4%. The water absorption of the mortar mixture 
dropped drastically to 13.7%, 13.1%, and 12.5% with the 
addition of 3%, 6%, and 9% sticky rice solution respectively. 
However, it increased to 13.3% and 13.6% when 12% and 15% 
of sticky rice solution were added. On the other hand, the water 
absorption was 14.1% when 3% of jaggery sugar were added, 
and this decreased dramatically to 13.2% when 6% of jaggery 
sugar were added. However, the water absorption of the mortar 
mixture increased again with the addition of 9%, 12%, and 
15% jaggery sugar.  

 

 
Fig. 6.  Water absorption of lime mortar with different percentages of 

sticky rice and jaggery sugar. 

The control group of lime mortar had the highest water 
absorption due to the presence of capillaries that enabled the 
water to access the mortar easily [14]. The presence of sticky 
rice produced a more compact mortar structure. The interaction 
between the sticky rice polysaccharides and calcium carbonate 
was also one of the factors that caused the lowest absorption of 
lime mortar. During the curing of the sticky rice lime mortar, 
the amylopectin controlled the growth of calcium carbonate 
and produced a compact structure with less calcium carbonate, 
which reduced the penetration of water and increased durability 
[15]. Moreover, the addition of jaggery sugar provided a thin 
layer of coverage on the mortar surface, which led to reduced 
contact between the pores and restricted the transport of water. 
The addition of sticky rice and jaggery sugar into lime mortar 
lessened both fresh and hardened bulk density values under 
both dry and humid curing [16]. As stated above, sticky rice 
can be considered an aqua gel. When evenly integrated into 
fresh mortar mixes, it becomes encased within the mortar. As 
mortar dried, the aqua gel shrank, and void spaces were 
developed. Moisture from within the aqua gel particles slowly 
diffused to the surface of the mortar and evaporated, further 
reducing the water absorption capacity. 

C. Porosity 

The porosity of lime mortar with different percentages of 
sticky rice and jaggery sugar is shown in Figure 7. Based on 
the data collected, the porosity of the control group (58.9%) 
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was the highest among the lime mortar mixtures. The porosity 
of the lime mortar mix dropped to 56.7%, 56.1%, and 55.4% 
when 3%, 6%, and 9% of sticky rice solution were added into 
the lime mortar respectively. When the concentration of sticky 
rice reached 12% and 15%, the porosity increased again to 
55.9% and 56.6%. When the jaggery sugar solution was added 
at 3%, the porosity was 57.3%. The porosity dropped to 56.8% 
after the addition of 6% jaggery sugar and rose to 57.1%, 
57.7%, and 58.2% for 9%, 12%, and 15% of jaggery sugar 
addition. The control group had the highest porosity since the 
addition of the admixture influenced the microstructure of the 
lime mortar. Changing the pore size distribution increased the 
volume of air voids and led to the highest porosity among the 
lime mortar mixtures. According to [17], reduced porosity with 
the increase in weight fraction of sticky rice (up to an optimum 
of 9%) and jaggery sugar (up to an optimum of 6%) could 
indicate diminished pore size, volume, and capillary 
interconnections, which should be due to the continuous 
formation of hydration products, taking up more space in 
mortar pores, making mortar denser and more compact with a 
reduction in porosity. When the mortar is first mixed, it is a 
dense slurry, with the sand and sticky rice/jaggery sugar 
uniformly distributed and surrounded by water. Primary 
porosity is developed through the movement of water due to 
either absorption into the surrounding masonry unit or 
evaporation to the air. Authors in [18] stated that these pores 
are highly interconnected and fluid transport through these 
pores is by capillary transport. The total porosity is further 
influenced by the carbonation of Ca(OH)2 to CaCO3. 
Accommodation of the volume change is taken up by a 
reduction of total porosity but no significant shift in pore size 
distribution with the addition of jaggery sugar/sticky rice.  

 
 

 
Fig. 7.  The porosity of lime mortar with different percentages of sticky 

rice and jaggery sugar. 

D. Compressive Strength 

The results of the compressive strength of lime mortar after 
7, 28, and 56 days with different percentages of sticky rice and 
jaggery sugar are illustrated in Figure 8. Compared with the 
control group of lime mortar, the compressive strength of the 
mortar mixes surged when 3%, 6%, and 9% of sticky rice 
solution were added and declined when 12% and 15% of sticky 
rice were added. Moreover, the addition of 3% and 6% of 
jaggery sugar enhanced the compressive strength, which 

dropped steadily for 9%, 12%, and 15% addition. The 9% 
sticky rice lime mortar showed the highest compressive 
strength as the sticky rice was able to accelerate the process of 
setting and hardening, which improved the bonding ability. 
Furthermore, the addition of sticky rice helped to refine the size 
of portlandite and calcite crystals to produce a more compact 
microstructure [19]. However, it was found that 6% of jaggery 
sugar had the second-highest compressive strength. According 
to [20], this is because the existence of sucrose in the jaggery 
sugar improved the initial and final setting times, but it did not 
affect the compressive strength. Authors in [21] found that 
sticky rice could significantly improve mechanical strengths 
and compatibility of air lime mortars and control the growth of 
CaCO3 crystals. Authors in [22] reported that the addition of 
5% of sticky rice in air lime mortars could accelerate mortar 
setting and hardening, increase compressive and bonding 
strength, while, at the same time slightly reducing mortar 
density and water resistance.  

 

 
Fig. 8.  Compressive strength of lime mortar with different percentages of 

sticky rice and jaggery sugar on days 7, 28 and 56. 

E. Flexural strength 

Figure 9 presents the flexural strength of lime mortar with 
different percentages of sticky rice and jaggery sugar after 7, 
28, and 56 days. The flexural strength rose when 3%, 6%, and 
9% of sticky rice were added to the lime mortar, but this fell 
with the addition of 12% and 15% sticky rice. Therefore, the 
sticky rice in a proportion of more than 6% limited the 
improvement in the lime mortar strength. The addition of 
jaggery sugar in proportions of 3% and 6% increased the 
flexural strength of the mortar. However, the flexural strength 
fell when 9%, 12%, and 15% of jaggery sugar were added. 
Authors in [23] reported that the mechanical strengths of lime-
sticky rice mortar can be considerably boosted by cyclic 
wetting–drying and dilute sulfate acid actions, causing more 
porous matrices and coarser particles. Authors in [25] 
concluded that sticky rice inclusion could stimulate noticeable 
conglomeration in mortar, leading to inhomogeneous strain 
field and creating micro-cracks during wetting–drying cycles. 
The results in [25] showed that biomineralization may occur in 
lime-sticky rice mortars, where sticky rice functioned as a 
template to control the growth of CaCO3 crystals. The addition 
of an appropriate amount of sticky rice can improve the 
strength of lime mortar due to its water retention, which is 
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beneficial to the carbonation process of the lime, increasing 
mechanical strength. However, excessive organic matter will 
act as a retarder and limit the carbonation of lime mortar [26]. 
Therefore, the addition of sticky rice exceeding 9% reduced 
performance in terms of flexural strength. Meanwhile, the 
addition of jaggery sugar resulted in the reduced performance 
of lime mortar in terms of flexural strength compared to the 
addition of sticky rice. 

 

 
Fig. 9.  Flexural strength of lime mortar with different percentages of 

sticky rice and jaggery sugar on days 7, 28 and 56. 

F. Porosity-Water Absorption Relationship 

Figure 10 shows the water absorption versus porosity using 
different percentages of additives with lime mortar. The 
relationship between the water absorption and porosity 
increased exponentially with a correlation coefficient (R2) of 
0.8234.  

 

 
Fig. 10.  Relationship between water absorption and porosity of the lime 

mortar. 

The results show that the control group of lime mortar had 
the highest porosity-water absorption relationship. Normally, 
lime mortar mixtures with higher water absorption and porosity 
are less durable. The porosity influences the water absorption 
of lime mortar. As the porosity decreases, the pore sizes 
decrease, leading to a reduction in water absorption. The 
presence of additives makes the structure of lime mortar denser 

and harder. In this research, different percentages of sticky rice 
and jaggery sugar were used to improve the durability 
properties of lime mortar. The sticky rice addition of 9% was 
considered the best solution to be used with regard to the 
improvement of the durability performance of the mortar. The 
sticky rice influenced the microstructure of the lime mortar 
causing the pore sizes to reduce and thereby decrease the 
volume of air voids. This led to the lowest porosity levels 
among the lime mortar mixtures. Hence, the water absorption 
reduced as the water could flow through the porous gaps, and 
the water had been removed from the mortar through the 
capillary forces. 

G. Compressive-Flexural Strength Relationship 

Figures 11-13 show the compressive strength against the 
flexural strength of lime mortar mix on days 7, 28, and 56 
respectively. These figures show that the relationship between 
the compressive strength and flexural strength increases with a 
very high correlation coefficient (R2) of 0.9627 (day-7), 0.9509 
(day-28), and 0.9917 (day-56).  

 

 
Fig. 11.  Compressive-flexural strengths relationship on day 7. 

 
Fig. 12.  Compressive-flexural strengths relationship on day 28. 

Compressive and flexural strength are important as they 
reveal the behavior of each mixture. The results show that the 
highest compressive-flexural strength relationship was found in 
9% sticky rice lime mortar. The hardened properties of lime 
mortar enable the delivery of compressive and flexural stress 
within the units of the structure. In this study, it was discovered 
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that the addition of admixtures, especially sticky rice, enabled 
the mortar to withstand a higher amount of movement, under 
compressive or flexural loads. Different percentages (3%, 6%, 
9%, 12%, and 15%) of sticky rice and jaggery sugar were 
applied to improve the mechanical properties of lime mortar. 
However, 9% sticky rice was considered as the best additive in 
improving the durability and mechanical properties. This 
happens because the sticky rice can accelerate the process of 
setting and hardening, and results in good adhesion properties 
between the sand and lime. 

 

 

Fig. 13.  Compressive-flexural strengths relationship on day 56. 

H. Discussion 

Replacing or repairing masonry buildings is usually 
necessary for the restoration of historical constructions, but the 
selection of a proper lime-based mortar is often challenging. 
An improper selection can lead to failure of the restoration 
work, and perhaps even further damage. Therefore, thorough 
understanding of the original lime-based mortar technology and 
the production of suitable replacement materials is important. 
Many kinds of materials have been used over the years in 
masonry mortars, and the technology has gradually evolved 
from the single-component mortar of ancient times to hybrid 
versions containing several ingredients. This study was 
performed to systematically examine the potential use of sticky 
rice and jaggery sugar in lime mortar to help determine the 
proper courses of action in restoring ancient buildings. Lime 
mortars with varying sticky rice and jaggery sugar content were 
prepared and tested. The durability and mechanical properties 
of lime mortar were found to be significantly improved by the 
introduction of sticky rice and jaggery sugar, suggesting that 
sticky rice-lime mortar is a suitable material for repairing 
mortar in ancient masonry. Moreover, the amylopectin in the 
lime mortar was found to act as an inhibitor. The growth of the 
calcium carbonate crystals is controlled by its presence, and 
compact structure results, which may explain the enhanced 
performance of this organic-inorganic composite compared to 
single-component lime mortar. 

IV. CONCLUSION 

Overall, 9% of sticky rice is determined to be the best 
proportion of additive to use in lime mortar. More specifically, 
the presence of sticky rice can quicken the setting and 

hardening times and improve the bonding between the sand and 
lime particles. The inclusion of 9% sticky rice and 6% jaggery 
sugar in lime mortar also resulted in lower porosity. The 
presence of polysaccharides in sticky rice produced a compact 
microstructure of the lime mortar. The water retention 
properties of the sticky rice were beneficial, in terms of 
carbonation process, in improving the flexural strength of the 
lime mortar. To summarize, 9% sticky rice and 6% jaggery 
sugar were the optimum percentages of additives to be used in 
lime mortar. The sticky rice was discovered to be a better 
additive than jaggery sugar. The sticky rice not only improved 
the setting and hardening times but also increased the 
compressive and flexural strengths. The test results show that 
the inclusion of 9% of sticky rice and 6% jaggery sugar in lime 
mortar has more stable durability properties, greater 
mechanical strength, and is more compatible, which makes it a 
suitable restoration mortar for ancient masonry buildings. The 
possible practical application of the mortar with sticky rice and 
jaggery sugar upon the results of the performed study includes 
foundation settlement and plant growth, and cracks between 
building blocks. Sticky rice and jaggery sugar lime mortar can 
be used as joint mortar. 
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Abstract-Automatically describing the information of an image 

using properly constructed sentences is a tricky task in any 
language. However, it has the potential to have a significant effect 

by enabling visually challenged individuals to better understand 

their surroundings. This paper proposes an image captioning 

system that generates detailed captions and extracts text from an 

image, if any, and uses it as a part of the caption to provide a 

more precise description of the image. To extract the image 

features, the proposed model uses Convolutional Neural 

Networks (CNNs) followed by Long Short-Term Memory 

(LSTM) that generates corresponding sentences based on the 

learned image features. Further, using the text extraction 

module, the extracted text (if any) is included in the image 

description and the captions are presented in audio form. 

Publicly available benchmark datasets for image captioning like 
MS COCO, Flickr-8k, Flickr-30k have a variety of images, but 

they hardly have images that contain textual information. These 

datasets are not sufficient for the proposed model and this has 

resulted in the creation of a new image caption dataset that 

contains images with textual content. With the newly created 

dataset, comparative analysis of the experimental results is 

performed on the proposed model and the existing pre-trained 
model. The obtained experimental results show that the proposed 

model is equally effective as the existing one in subtitle image 

captioning models and provides more insights about the image by 
performing text extraction. 

Keywords-image captioning; text extraction; convolutional 

model; long short-term memory; deep learning 

I. INTRODUCTION  

Image captioning is one of the numerous computer vision 
tasks that have been aided by deep learning. Image captioning 
is helpful to annotate objects which might be overlooked by a 
human observer. It can be useful when images are extremely 
cluttered and it is difficult to recognize objects in them. 
Currently, the majority of research is done with image 
description, which can be extended on scene comprehension 
through images and videos. With domain-specific image 
captioning datasets (such as sports, night vision images, forest 
animal images, etc.) we can further improve the accuracy of a 

captioning system. In the existing available research, the 
textual part present in an image is not considered while 
generating its caption. Considering this research gap, the 
objective of the proposed system is to generate a new image 
captioning dataset and to perform more prescribed image 
captioning with text extraction from the image and including 
the extracted text in generated captions. The proposed system 
can be deployed as a mobile application where the user takes a 
photograph as an input image and the system generates the 
description of the image. This will be helpful as a smart 
assistant for children and especially for visually challenged 
people. The proposed system can also be deployed on robots to 
help them understand their surroundings. It can be used even in 
an application to identify famous objects for a tourist who goes 
without a tour guide. The user can capture the monument or 
artifact in his mobile phone camera and the application displays 
relevant information in the form of text.  

II. RELATED WORK 

Μany different architectures have been proposed for 
generating captions for a given image. Authors in [1] presented 
an image captioning system that takes advantage of image and 
sentence parallel structures. It also introduces scene-specific 
contexts, resulting in a novel model. For an input image, it 
finds visual regions and generates words for these regions, and 
performs alignment between visual regions and words. The 
attention model aligns words and regions very well. Authors in 
[2] proposed a two-stage image captioning module which 
consists of detectors. A collection of attribute classifiers is 
applied to each candidate object region and the sentences are 
constructed using a Conditional Random Field (CRF) to predict 
labelling for an input image. For experimentation they used the 
UIUC PASCAL dataset. This approach can be further extended 
to accommodate more general image contents, such as actions 
and scenes, and can also be used to describe video content. In 
[3], the authors proposed a system in which region-wise natural 
language descriptions of the images are generated. The 
suggested model is a novel combination of CNNs applied on 
images and Bidirectional Recurrent Neural Networks (BRNNs) 
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applied on text and the alignment of these two models is 
described as the Multimodal Recurrent Neural Network 
architecture. A Region Convolutional Neural Network (RCNN) 
is used to recognize items in each image. This approach is 
made up of two different models. One approach is to utilize a 
multimodal embedding to match word samples with the visual 
regions they describe, and then use the correlation as training 
data for a Multimodal Recurrent Neural Network model, to 
learn to produce the samples. The system can be further 
improved by creating a single model which can be trained with 
the image annotation dataset to region-level annotations. 

Authors in [4] presented an architecture with a linguistic 
model and a multimodal part. A Deep CNN extracts the image 
features. A one-layer representation connects the language 
model and the deep CNN in the multimodal component. A 
perplexity-based cost function is used to learn the m-RNN 
model. The errors are propagated backwards through the three 
sections of the m-RNN model, updating the model parameters. 
The m-RNN architecture performs three tasks: i) sentence 
creation, ii) sentence retrieval (finding the most appropriate 
sentences for a given image), and iii) image retrieval. This 
technique can also be expanded to include more complicated 
image features and a more complex language model. In [5], a 
generative model based on the deep recurrent architecture is 
proposed. This research combines Vision Deep CNN with 
Language Generating RNN to generate natural sentences that 
describe an image. Given the training image, the model is 
trained to maximize the probability of the desired description 
sentence. This model is referred to as the Google NIC (Neural 
Image Caption) Generator. To produce descriptions from 
images, the authors propose a neural and probabilistic 
framework. The proposed model is quite accurate. However, 
the problem of how to use unsupervised data to improve the 
image description is not solved and is discussed in the proposed 
method. In [6], the bi-directional mapping between images and 
their sentence-based descriptions is proposed. An RNN is the 
key component of the approach, as it attempts to dynamically 
construct a visual representation of the scene. On its own, the 
representation learns to remember long-term visual notions. 
The model has the ability of producing unique captions and 
reconstructing visual features from an image description. For 
learning, the Back Propagation Through Time (BPTT) 
algorithm is used. The RNN model works in both directions. 
As a result, it is possible to derive image features from 
sentences as well as sentences from image features. Long-term 
interactions can be learned by the model. It would be 
interesting to replace the proposed RNNs with Long Short-
Term Memory (LSTM) models to learn a bi-directional model 
as the authors had not examined the usage of LSTM models 
that have proven the ability to learn long-term notions. 

The proposed method in [7] employs an attention-based 
model which is capable to describe the image content. It has an 
Encoder-Decoder form, in which a CNN is used as an encoder 
to extract a set of feature vectors, and the LSTM network is 
used as a decoder. The authors presented two different 
processes for the attention model: stochastic and deterministic 
attention. Both models can pay attention to important parts of 
an image while producing a caption, and the output is more 
interpretable as a result of the attention mechanism. Authors in 

[8] used pre-trained CNN models VGG16 and ResNet-101 and 
the experimental results on Flickr8K dataset were tested and 
compared. In [9], for the classification task a small portion of 
the training images were labeled. The purpose is to predict the 
class label of test images which are not having tags. When 
paired with visual characteristics, tags provide a suitable 
feature that further improves the performance of classification. 
It uses the Multiple Kernel Learning (MKL) framework which 
provides a semi-supervised learning strategy for using the 
information contained in the tags linked with unlabeled images.  

For classification of leaf diseases, the hybrid deep learning 
approach gives better performance [10]. In [11], authors 
presented a deep learning approach for the early detection of 
banana diseases, which can be deployed on a mobile system. 
Along with this, authors in [12, 13] presented their work on 
object detection methods. In [12], the authors used a binary 
mask which is created around the object to identify the borders 
of the image. The binary mask is applied in both vertical and 
horizontal fashions to identify the borders of the image. After 
that, a refinement process is applied and repeated until the 
classification is as precise as possible. As a result, the basic 
strategy is to use the entire image as an input and perform 
localization using a Deep Neural Network (DNN). The DNN 
localizer is used on a small set of big windows for precision 
localization. This approach has some computational cost during 
training because each object type and mask type must be 
trained separately. Authors in [13] propose a special 
formulation for Multiple Instance learning (MIL) for object 
detection. The MIL optimization problem is modified into a 
convex problem and is addressed using Stochastic Gradient 
Descent (SGD). Relaxed Multiple Instance (RMI) SVM can be 
used to solve various recognition problems, such as visual 
tracking, image classification, and object detection. The 
experimental results show that RMI-SVM outperforms other 
known MIL benchmark methods. 

III. THE PROPOSED SYSTEM MODEL 

After analyzing the existing systems, we have identified 
some of the research gaps. The current research work is done 
mostly with generic image datasets, with domain-specific 
image captioning datasets we can further improve the accuracy 
of a captioning system. In the existing available research, 
attention on textual part present in image is missing while 
generating the captions from an image. Considering these 
research gaps, the main objective of the proposed system is to 
generate a new image captioning dataset and further to perform 
more prescribed image captioning with text extraction from the 
image and include the extracted text in the generated captions. 
The overall system flow of the proposed model is presented in 
in Figure 1. 

A. Dataset Creation (Phase I) 

In the first phase, we have created a new image captioning 
dataset, in which images with textual information are included. 
It builds on [14] to understand the dataset creation model for 
image captioning task in which the authors have created and 
presented the Microsoft COCO dataset. Considering this 
benchmark dataset for image captioning, we have created the 
image dataset of MIT World Peace University campus vicinity 
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consisting of 1500 images which are labeled. These labels talk 
about the significant objects present in the image. For 
extracting the text information, we have considered images 
which contained textual information. Validation on images is 
done while creating the new dataset. The images should 
provide a good representation of the classes which can further 
help the classification process, diverse images must be 
collected to have proper training on the dataset in order to 
avoid the problem of over fitting or under fitting during 
training. Along with the image files, the new dataset also 
contains relevant caption files (in CSV and JSON format) 
which are further used in generating the natural language 
description of the image. Further, the model was trained and 
validated with the CNN architecture. This allows the system to 
predict multiple significant objects present in the input image 
and will generate an appropriate description using natural 
language processing. This dataset is used in Phases II and III as 
shown in Figure 2 which represents the phase wise working of 
the proposed model for image captioning with text extraction. 

 
Fig. 1.  Overall system flow of the proposed architecture. 

 

 
Fig. 2.  Overview of the proposed model. 

 
Fig. 3.  Proposed D-CNN model followed by LSTM for image feature extraction. 

B. Image Feature Extractor with the Proposed CNN Model 

(Part of Phase II) 

CNN works fantastically in computer vision tasks such as 
recognizing different objects present in an image. It consists of 
multiple layers of a CNN architecture [24]. The ReLU layer 
serves as an activation function, maintaining non-linearity 
which passes through each layer of the network. The fully 
connected layer allows performing the classification task.  

In the proposed model we used three convolution layers 
which allow seeing specific features using filters. The 

convolutional layers consist of 32, 64, and 124 filters followed 
by the max pooling layer which reduces the sample size of the 
extracted feature map which makes processing faster as it 
reduces the number of parameters from processing. The 
pooling layer provides the pooled feature map. We propose the 
enhanced Deep CNN (D-CNN) model for image feature 
extraction followed with LSTM as shown in Figure 3. While 
creating the proposed optimized enhanced D-CNN model we 
performed optimization and took into consideration different 
parameters like the number of convolutional layers, flatten 
layers, and dense layers, the number and size of filters, 
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optimizer type, learning rate, number of epochs, batch size, etc. 
Based on this experimentation, the different hyper parameters 
used in model training are presented in Table I. We tuned the 
model with different values of batch size, number of epochs, 
and different types of optimizers such as Stochastic Gradient 
Descent (SGD), Adam optimizer, and Root Means Square 
Propagation (RMSprop) optimizer. After analyzing the 
obtained results, we selected the SGD optimizer which updates 
the weight and bias parameters to get the minimum loss/error 
while training the CNN as shown in (1) and (2) where w 
represents the weight and b represents the bias value. From the 
obtained loss value, we calculate the partial derivative of loss 
and then adjust the weight to reduce the error. 

�=�−��������	�
�∗(����/��)    (1) 

∑
=

−=∂∂
n
i eOutputValupredictedactualnwLoss 1 )(/1/Q  

)/(* bLossteLearningRabb ∂∂−=     (2) 

∑
= −=∂∂
n
i ValueOutputpredictedactualnbLoss 1 )(/1/Q  

SGD gradient measures how much the output of a function 
changes if there is a change in input value. Gradient is the slope 
of function in which a higher value indicates that the model 
learns faster and a lower value with almost zero slope indicates 
that the model stopped learning. After analyzing the obtained 
results, the hyper parameters for the proposed model were 
selected: batch size 64, number of epochs 60, and SGD 
optimizer. The results of hyper-parameter tuning for the 
proposed model are shown in Table I.  

TABLE I.  HYPER PARAMETER TUNING FOR THE PROPOSED MODEL 

Batch 

size 

No. of 

epochs 

used 

Optimizer’s used 

SGD Adam RMSprop 

32 

20 78.12 75.30 75.90 

40 79.33 78.08 77.53 

60 79.86 78.66 79.19 

100 79.81 78.93 79.27 

64 

20 79.36 78.77 79.85 

40 79.28 78.90 79.49 

60 79.96 79.85 74.40 

100 79.72 77.29 77.38 

Selected hyper parameters for the proposed model: 

Batch size 64, 60 epochs, SGD optimizer. 

 

The obtained training and validation accuracy was 86.30% 
and 74.56%, due to the over fitting problem. To avoid the over 
fitting problem, initially we used the dropout method which is a 
regularization technique. Using the dropout normalization, the 
system achieved 85.28% training accuracy and 83.02% 
validation accuracy. To improve the performance of the 
proposed model, the model was trained with dropout and batch 
normalization and 87.43% training accuracy and 86.30% 
validation accuracy were achieved. The results of cross entropy 
loss and classification accuracy with dropout and batch 
normalization are shown in Figure 4. The training loss and 
validation loss, after training the model and tuning the hyper 
parameters, are shown in Figure 5. Figure 6 shows the accuracy 
during training and validation. The optimized parameters for 
the proposed D-CNN model are shown in Table II. 

TABLE II.  OPTIMIZED PARAMETERS OF THE PROPOSED MODEL 

Parameters 
Learning 

rate 

Regularization 

method 

Training 

time/ 

epoch 

Training 

accuracy 

Validation 

accuracy 

6,237,936 0.01 - 8.345 sec 86.30% 74.56% 

6,237,936 0.01 Dropout 8.4532 sec 85.28% 83.02% 

6,328,816 0.01 

Dropout and 

batch 

normalization 

9.4787 sec 87.43% 86.30% 

Selected hyper parameters for the proposed model: 

Batch size 64, 60 epochs, SGD optimizer. 

 

 
Fig. 4.  Cross entropy loss and classification accuracy with dropout and 

batch normalization. 

 

Fig. 5.  Loss plot during training and validation. 

 

Fig. 6.  Accuracy plot during training and validation. 
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C. Caption Generation Using the LSTM Model ((Phase II) 

After obtaining the extracted image features, the next step is 
to use Vector to sequence representation with the LSTM model 
[15, 16] to generate the caption for the image as shown in 
Figure 7 and the LSTM structure as shown in Figure 8. LSTM 
consists of forget gate ft, input gate it, output gate ot with one 
cell state Co with each gate having different weight vectors 
Wc, Wi, Wo, Wf. Sigmoid activation function is used in 
LSTM. The computations are presented in the following 
equations [15, 16]: 

Forget Gate: ft = σ(Wf St-1 + Wf Xt)    (3) 

Input Gate: it = σ(Wi St-1 + Wi Xt)  (4) 

Output Gate: ot = σ(Wo St-1 + Wo Xt)    (5) 

The intermediate cell state is:  

Ct = tanh(Wc St-1 + Wc Xt)    (6) 

The value for the input gate is obtained using the sigmoid 
activation function. After that, the intermediate cell Ct is 
obtained using the tanh activation as shown in (6). Similarly, 
the calculation of forget gate is done and its multiplication with 
old state Co is performed and by adding these we get the new 
cell state C1. Finally the new state S1 is generated by using 
output gate and the cell state. 

 

 
Fig. 7.  Image vector to sequence the representation using the LSTM 

model. 

 
Fig. 8.  Structure of LSTM. 

Using the proposed model with LSTM, the generated 
captions for an input image given from the new dataset are 
shown in Figure 9. For evaluating the results of caption 
generation of the proposed model, comparative analysis of the 
existing approach was conducted, i.e. VGG with LSTM and 
Inception V3 model on Flickr-8K dataset and the new dataset. 

D. Caption Generation with Text Extraction (Phase III) 

Along with identifying different objects in the image, 
textual information present in the image is also important. This 
textual information can give more information about the image, 
like image background. Extracting the text from an image and 
including it in the generated image caption gives more details 
about the image. This approach is missing in the existing 
systems. In the proposed model, we present image caption 
generation along with text extraction. The pre-processing on 
the input image is carried out, the original image is converted 
to grayscale, and then Otsu’s threshold method is used which 
produces a single intensity threshold that divides pixels into 
foreground and background. Then, dilation is applied on the 
threshold image, which is a mathematical morphological 
operation to find the contours as shown in Figure 10. 

 

 
Fig. 9.  Result of image captioning using the proposed model. 

 
Fig. 10.  Text extraction. 

After looping through the contours, the rectangular part is 
cropped and passed to the Optical Character Recognition 
(OCR) system [17] for text extraction. With the deep learning 
approach, text is extracted with better accuracy [25]. Figure 10 
shows some sample results of text extraction. The performance 
evaluation of text extraction is measured with precision and 
recall metrics [18]. A sample of precision and recall calculation 
follows. 

System summary: There is plotted plant 

Reference summary: There is potted plant in garden 
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Recall = number of overlapping words/total words in 
reference summary: (4/6=0.6) 

Precision = number of overlapping words/total words in 
system summary: (4/4=1) 

The results of precision and recall computations are shown 
in Figure 11 and the average result is summarized in Table III. 

 

 

Fig. 11.  Results of precision-recall computations for text extraction. 

TABLE III.  TEXT EXTRACTION EVALUATION 

Metric used Recall Precision 

Obtained result 0.75 0.86 

 

IV. RESULTS 

For evaluating the quality of the text of generated captions 
of the proposed system the utilized performance metrics are 
BLUE score [19], METEOR, CIDEr [20] which measures how 
much the machine generated output is closer to the human 
generated output, i.e. how similar is the candidate text to the 
reference text. It normally ranges between 0 and 1.  

 

 
Fig. 12.  Result of image captioning without text extraction. 

Figures 12-13 show some results of image captioning 
without the text extraction module and Table IV shows the 
results of image captioning with the text extraction module 
using the proposed system, which is able to generate a more 
detailed description of the image. In order to check the 

performance of the proposed image captioning model, it was 
trained on Flickr-8k [21] dataset. Table V shows the 
performance of the proposed model for image captioning 
(without text extraction) on Flickr-8k. The obtained results 
exhibit a satisfactory performance. Comparative analysis of 
existing architectures like VGG-16 [22], Inception V3 [23], and 
the proposed model for image captioning (without the text 
extraction module) on the new dataset is shown in Table VI. It 
is seen that the proposed system outperforms the existing 
methods with improved BLEU score and METEOR score and 
also has an accuracy that reaches 87% for caption generation 
without text. 

 

 
Fig. 13.  Results of image captioning without text extraction. 

TABLE IV.  IMAGE CAPTIONING WITH TEXT EXTRACTION RESULTS 

Input image Validation of the proposed model  

 

Predicted caption is: there is a poster on the wall 

Extracted text: Madhuri A. Bhalekar Assistant 

Professor 

Generated captions is: there is a poster on the 

wall and the extracted text is Madhuri A. 

Bhalekar Assistant Professor 

 

Predicted Caption is: there is a poster 

Extracted text: MAEER’S MAHARASHRTA 

INSTITUTE OF TECHNOLOGY, PUNE 

17/01/20008 

Generated captions is: there is a poster and the 

text extracted is MAEER’S MAHARASHRTA 

INSTITUTE OF TECHNOLOGY, PUNE 

17/01/20008 

TABLE V.  PERFORMANCE COMPARISON OF VGG-LSTM AND THE 
PROPOSED MODEL FOR IMAGE CAPTIONING WITHOUT TEXT 

EXTRACTION 

Dataset Architecture 
Evaluation metrics 

BLEU-1 BLEU-2 BLEU-3 BLEU-4 METEOR 

[21] 

VGG with 

LSTM [22] 
0.647 0.459 0.318 0.216 0.201 

Proposed model 0.495 0.352 0.276 0.201 0.425 
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The result of performance evaluation for caption generation 
with text extraction model is shown in Table VII. We see that 
the proposed model was an accuracy that reaches 83%, thus 
providing more information about the image. Further, the 
generated captions can be presented in audio form. Also, the 
model can be deployed on smart glass which will be useful for 
visually challenged individuals and can be used as a navigation 
system. 

TABLE VI.  COMPARATIVE ANALYSIS OF EXISTING ARCHITECTURES 

AND OF THE PROPOSED MODEL FOR IMAGE CAPTIONING WITHOUT 

TEXT EXTRACTION 

Dataset Architecture 
Evaluation metrics 

BLEU-1 BLEU-2 BLEU-3 BLEU-4 METEOR 

Our new 

dataset 

VGG with 

LSTM [22] 
0.644 0.522 0.441 0.374 0.644 

Inception V3 

model [23] 
0.534 0.452 0.343 0.253 0.534 

Proposed 0.879 0.752 0.743 0.678 0.653 

TABLE VII.  EVALUATION OF THE PROPOSED MODEL FOR IMAGE 

CAPTIONING WITH TEXT EXTRACTION 

Dataset Architecture 
Evaluation metrics 

BLEU-1 BLEU-2 BLEU-3 BLEU-4 METEOR 

Our new 

dataset 

Proposed 

model with 

LSTM 

0.832 0.645 0.672 0.611 0.589 

 

V. CONCLUSION AND FUTURE WORK 

This paper reviewed various methodologies used for image 
captioning from the domain of machine learning and neural 
networks. Various methodologies were analyzed for feature 
extraction, classification, and caption generation. A new dataset 
was implemented which trained further the proposed Deep 
CNN model. The paper also analyzed text extraction from the 
image and included the extracted text as a part of the generated 
image captions. Extracting the text from an image and 
including it in the image caption gives more details about the 
image. The proposed system outperforms the existing methods 
with the curated new dataset and also gives satisfactory 
performance on the benchmark Flickr8k dataset. Considering 
the recent advances in image captioning systems, generating 
more accurate image captioning and image description is still 
an open problem. Automatic image captioning will continue to 
be a major research topic for a while, due to the advancement 
of deep learning-based network architectures. Further, fine 
tuning the hyper-parameters of the proposed model can give 
better results. There is a huge impact of image captioning in 
many social relevance applications such as video surveillance, 
navigation for visually challenged individuals, online education 
systems, medical assistance, and many more which add 
significant value in our daily lives. 
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Abstract-The optimal use of electric power consumption is a 

fundamental indicator of the normal use of energy resources. Its 

quantity depends on the loads connected to the electric power 

grid, which are measured on an hourly basis. This paper 

examines forecasting methods for hourly electrical power 

demands for 7 days. Data for the period of 1 January 2015 and 24 
December 2020 were processed, while the models' forecasts were 

tested on actual power load data between 25 and 31 December 

2020, obtained from the Energy System Operator of the Republic 

of Bulgaria. Two groups of methods were used for the prognosis: 

classical regression methods and clustering algorithms. The first 

group included "moving window" and ARIMA, while the second 

examined K-Means, Time Series K-Means, Mini Batch K-Means, 
Agglomerative clustering, and OPTICS. The results showed high 
accuracy of the forecasts for the prognosis period. 

Keywords-short-term prognosis; hourly electricity power 

demand; regression analysis; clustering methods 

I. INTRODUCTION 

Electric power consumption is a key to the normal function 
of any economy. In recent years, the consumption of electrical 
power has increased along with the human population and the 
development of technology. Proper use of the available energy 
resources is a necessity since solid fuels are finite, they will run 
out in the future, and, their extraction and processing pollute 
the environment. For these reasons, various types of renewable 
energy sources have emerged. Unfortunately, for some of them, 
the generation of electricity depends on the season, 
geographical location, type of energy extraction technology, 
certain economic and political factors, etc. Also, the storage of 
this type of energy is difficult and costly. On the other hand, 
the production of electric power should neither exceed nor fall 
short of the amount of electric power required by the end-users. 
For this reason, algorithms have been developed for power 
generation in hydraulic power plants, guaranteeing the optimal 
parameters of the produced energy under the dynamic change 
of requirements from the electric supply companies and the 
market [1, 2]. Despite the physical nature of the predicted 
subject, the forecasts are long-term, medium-term, and short-
term. The requirements that any reliable forecast must satisfy 

were given in [3]. There are various models for determining 
forecast assessments using different mathematical approaches 
to obtain the prognoses. For the operational control of power 
plants, it would be desirable to obtain precise short-term load 
forecasting assessments to guarantee power supply and load 
dispatch. The Empirical Mode Decomposition (EMD) method 
and the Particle Swarm Optimization (PSO) algorithm were 
successfully hybridized with the Support Vector Regression 
(SVR) to produce a satisfactory forecast performance in [4]. 
Decomposed Intrinsic Mode Functions (IMFs) are defined as 
three items: 1) containing the random and the middle term, 2) 
containing the middle and the trend (residual) term, and 3) 
containing the middle terms only, where the random term 
represents the high-frequency part of the electric power load 
data, the middle term represents the multiple-frequency part, 
and the trend term represents the low-frequency part. Based on 
these assumptions, the SVR-PSO was created, and the forecast 
results were calculated as (1) + (2) – (3). The suggested model 
improved the forecast accuracy, while the data for the model 
synthesis were taken from the Australian electricity market. 

Short-term power demand forecasts contribute significantly 
to the synthesis of the smart grid. In [5], a deep model based on 
Convolutional Neural Networks (CNNs), Long Short-Term 
Memory (LSTM), and Discrete Wavelet Transform (DWT) 
was proposed. This model was divided into two parts. The first 
part corresponded to the time-domain feature extraction, while 
DWT was responsible for the frequency domain. The model 
extracted both time and frequency-domain features separately 
using the neural network. Subsequently, they merged as time-
frequency features. The latter was fed into LSTM to mine the 
features, which had a long-time dependency. In [6], a daily 
power consumption forecast was created for the high-
temperature period. The model was based on a portrait-based 
multivariate regression model. The portrait of each substation 
area was derived using the clustering method based on the label 
system. Then, the regression model was applied to forecast 
each cluster. The synthesized model was validated using 
electricity consumption data from Shanghai. A hybrid deep 
learning neural network framework, which combined CNN 
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with LSTM for making power consumption forecasts, was 
proposed in [7]. The original short-term forecasting strategy 
was extended to a multi-step forecasting strategy to introduce 
more response time for electricity market bidding. The 
following forecasting approaches were built: Auto-Regressive 
Integrated Moving Average (ARIMA), persistent model, SVR, 
and LSTM. In addition, a k-step power consumption 
forecasting strategy was used to promote the proposed 
framework for use in real-world applications. 

Power production of PhotoVoltaic (PV) plants is an 
important way of producing green energy, and different models 
exist to predict their self-consumption. Two hybrid models 
were suggested in [8] to forecast power consumption (CNN-
LSTM and ConvLSTM) were suggested in [8]. These models 
were found to be more accurate than the standard LSTM. In 
[9], a deep model named TL-MCLSTM was proposed as a 
multiple-output strategy to predict multi-step short-term power 
consumption. The model contained three channels: power 
consumption, time location, and customer behavior. The first 
channel reflects the change and the general trend of use. The 
second channel reflects the hidden pattern of customer habits, 
recording information about time, day of the week, and 
holidays. The third channel combines a convolution 
autoencoder and K-means to identify customer behavior. The 
first two channels were individually trained through the LSTM, 
as it had an excellent memory function. The extracted features 
from the LSTM in these channels were combined with 
customer behavior as comprehensive features to forecast. Other 
mathematical approaches for creating short-term forecasting 
models are Imperialist Competitive Algorithms, Support 
Vector Machines (SVM), and Hierarchical Cluster Analysis 
SVM. These approaches were used in [10] for the prognosis of 
the hourly electricity load. In [11], a new modeling approach 
was proposed for medium-term probabilistic power 
consumption using neural networks and incorporating trend, 
seasonality, and weather conditions as explicative variables in a 
neural network with an autoregressive feature. In [12], fuzzy 
logic was incorporated into a neural network. In this study, a 
model was divided into two subsystems: a network with back-
propagation making the forecast and using data from previous 
months, and an autocorrelation module using temperature and 
production load differences for air conditioning and 
consumption between the previous and the forecast months. 
This model is appropriate for two types of industrial 
consumers: consumers for climate control and consumers for 
production activities. 

A mid-long term load structure forecasting model was 
developed in [13], based on grey theory, where the system state 
equations and the grey dynamic model group on various types 
of electrical load were established. The model provided a mid-
long-term forecast, in terms of the system dominant and 
associated factors determined by the grey correlative degree 
analysis method, using the GM(1, N, x ((0))) model derived 
from the GM(1, N). The power consumption of the considered 
grid was predicted in the medium and long term in a case study 
utilizing the proposed model. 

Long-term forecasting of electricity consumption is quite 
difficult as its reliability depends on many different factors. 

During daytime, there may be several peaks in consumption 
which lead to a complete discharge of the battery to one of the 
peaks. As a result, the total peak power consumption does not 
decrease. To optimize the operation of storage devices, a day-
ahead forecast is often used, which allows determining the total 
number of peaks. In this sense, a long-term forecast of power 
consumption based on the use of exogenous parameters in the 
decision tree model was used in [14]. This forecast was based 
on the idea of determining the optimal storage capacity for a 
specific consumer, which optimizes the costs of leveling the 
load schedule. In [15], a detailed overview of current 
forecasting methods for power consumption was presented. 
Some forecast approaches were summarized as grey and 
artificial neural network theory, among which the forecasting 
principle of the Grey Model GM(1,1) was developed. The 
econometric model method was also discussed. In addition, 
comprehensive analysis, analysis prediction, and other 
methods, which could be applied in short-term, medium-term, 
and long-term electricity demand forecasting were also 
discussed. The accuracy of the methods mentioned above 
improved by applying newly developed machine learning smart 
algorithms, such as deep learning, Q-learning, extreme 
learning, etc. The processed data described the power 
consumption of Guangzhou city between 2000-2008, and the 
forecasts were made for 2009. 

This study examines a short-term 7-day forecast of the 
hourly demand for electric power in the Republic of Bulgaria. 
These prognoses can be used to analyze the energy system 
models used for planning the Bulgarian energy market, as 
described in [16]. A similar prognosis was presented in 2002 
[17], but these models are obsolete today and do not guarantee 
high forecast accuracy. The increasing price of natural gas 
during the recent months has led to the rising prices of the 
entire production, supplies, and services. The sharp increase in 
the price of European natural gas prices [18] leads to lifetime 
evaluation and the urgent need to use the available gas 
resources economically and appropriately, by finding ways to 
make the production of other types of energy resources cheaper 
(nuclear plants, photovoltaics, wind turbines, etc.) as well as to 
forecast the quantities needed as accurately as possible. 

II. THE ESSENCE OF FORECASTING METHODS 

The models created by all forecasting approaches for 
electric power demand predict the consumption for a given 
period, based on data for power consumption in previous 
periods. The forecast value is either a point or an interval, 
where the actual electrical load is most likely wrong. Various 
methods use a variety of mathematical frameworks to make 
such forecasts, such as regression analysis [19-24], regression 
analysis, neural networks, and least square SVMs [25], 
regression analysis, decision tree, and neural networks [26], 
cluster analysis [27], fractional Brownian motion [28], etc. 

A. Classical Regression Analysis Methods 

Regression analysis is a time series approximation of points 
by a specific function, usually in the form of a polynomial. The 
accuracy of the approximation depends on the amount of input 
data and the order of the approximating function. Therefore, a 
compromise must always be searched between the amount of 
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input data and the order of the approximating polynomial. This 
study used the following two methods to perform short-term 
hourly electrical power demand forecasts based on regression 
models using the moving window and Autoregressive 
Integrated Moving Average (ARIMA) methods. 

• Moving window [22]: This method takes samples from the 
input data and applies a formula to calculate the forecast 
value. The moving window method is commonly used for 
solving practical problems. When working with averaged 
data, the resulting value is used as the predicted value. The 
accuracy of the method increases as the processed data 
increase. But this fact, on the other hand, increases the time 
to process the data until the final forecast is obtained. 

• ARIMA [23, 24]: This method consists of introducing a 
distance between the data in the form of an error. This 
distance can be computed using the Euclidean or another 
type of norm. The predicted quantity at a given moment is 
computed as a function of that quantity at previous 
moments and/or error values. 

B. Cluster Analysis Methods 

For each studied time interval, the measured data of the 
hourly electrical power demand are obtained and form an 
acceptable range of variation. The accuracy of the synthesized 
model is tested by checking whether the actual electrical power 
load during the hour is between the predicted interval. If so, the 
method determines to which part of it falls into. 

• K-Means [29, 30]: This is a very simple method, for simple 
applications, which converges relatively quickly. Its main 
weakness is that it is not stable to statistical errors. On the 
other hand, there is a different result for each execution. 
Some improvements of classic K-Means were suggested in 
[31], by defining a hypercube of constraints for each 
centroid that acquires weights for each attribute of each 
class to use a weighted Euclidean distance as a similarity 
criterion in the clustering procedure and thus reduce the 
limitation effects. 

• Time Series (TS) K-Means [32]: This method uses 
Dynamic Time Distortion and Soft Dynamic Time 
Distortion algorithms for distance calculation between the 
data, instead of the Euclidean formula. This ensures higher 
forecast accuracy of the TS K-Means algorithm but 
increases significantly the data processing time. 

• Mini Batch K-Means [33]: This method was designed to 
process large data partitioned into clusters. Its main 
advantage over K-Means is the reduced time to partition the 
data into clusters, which is proportional to the size of the 
clusters formed. This is very important when processing the 
data from hourly electrical power demand measurements 
for a day. Thus, 24 new values are processed each day. 

• Agglomerative Clustering [34, 35]: This method belongs to 
methods that use a hierarchical structure and is based on the 
so-called bottom-up approach. The algorithm supports an 
"active set" of clusters and decides which two clusters to 
merge at each stage. When two clusters are merged, the 
latter disappears from the set while the newly formed is 

added. This is repeated until all clusters are finally merged 
into a single. During the execution of the algorithm, a 
binary tree that accounts for the union of pairs of clusters is 
formed and called a dendrogram. In this method, the 
problem of defining the number of clusters is solved by 
design. There is no need to change the algorithm as new 
data come in, as in Time Series K-Means and Mini Batch 
K-Means. A basic problem in K-Means forecasting is the 
problem of defining the number of clusters. This is not a 
problem when working with fixed data ranges, but when 
working with time series, updating the value for the number 
of clusters is required, and this is not an automatic process. 
Agglomerative clustering solves this problem at the core of 
its design. 

• Ordering Points To Identify the Clustering Structure 
(OPTICS) [36, 37]: Like Mini Batch K-Means, this method 
is designed to process large data which can be fast changed 
and temporally ordered. This method is based on the 
density principle. The implemented algorithm (DBSCAN) 
searches for the point with the highest local density and 
forms a cluster around it. When the radius of a 
neighborhood change, the algorithm keeps the hierarchy of 
the clusters formed so far. OPTICS has high classification 
accuracy and smaller error than the above-mentioned 
clustering methods. Its main disadvantage is the slow 
performance due to large data processing. 

III. ANALYSIS OF THE FORECASTS’ RESULTS 

This study examines the forecast models using data for 
electricity power demand (in MWh) on the territory of the 
Republic of Bulgaria. Data were acquired from the Bulgarian 
Electricity System Operator (ESO) [38]. The analyzed period 
was from 1 January 2015 to 24 December 2020. The load was 
averaged for each hour of the investigated day. The forecast 
assessments were also performed hourly for each day in the 
period between 25 and 31 December 2020. The forecasts were 
compared with the actual hourly electrical power demand for 
this period. For simplicity, without losing generality, only the 
forecast results for the 21st (8-9 p.m.) hour of the prognosis 
days are provided. This interval was chosen as the electrical 
power load is at its highest, and its prediction is the most 
important. The application for making forecasts was written in 
Python 3. Two regression forecasting methods were used: 
regression with moving window and ARIMA. The accuracy of 
the ARIMA model is determined by the extended Dickey-
Fuller rooting test [39] implemented using the 
statsmodels.tsa.stattools function [40]. This study used five 
cluster forecasting methods: K-Means, Time Series K-Means, 
Mini Batch K-Means, Agglomerative clustering, and OPTICS. 
The quality of the clusters obtained by each method was 
evaluated by applying the Silhouette method [41]. This method 
calculates the distances between individual points in a cluster, 
as well as the distances to points belonging to other clusters. 
This gives an idea of the density of the cluster and the fitting of 
each point to the others in the cluster. The forecasted electrical 
power demand results for the 21st hour of the day (8-9 p.m.) 
for the period 25th - 31st December 2020 from each method 
used is shown in Figures 2-8 in blue, while the actual electrical 
power load is marked in red. 
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Fig. 1.  Forecasts from moving window compared with real power load. 

 
Fig. 2.  Forecasts from ARIMA compared with real power load. 

 
Fig. 3.  Forecasts from K-Means compared with real power load. 

 
Fig. 4.  Forecasts from TS K-Means compared with real power load. 

 
Fig. 5.  Forecasts from Mini Batch K-Means compared with real power 

load. 

 
Fig. 6.  Forecasts from Agglomerative clustering compared with real 

power load. 

 
Fig. 7.  Forecasts from OPTICS compared with real power load. 

In both regression methods, moving window and ARIMA, 
the actual electrical power consumption data are dispersed 
around the predicted ones determined by the corresponding 
approximating polynomial. Therefore, the classical regression 
algorithms are quite inaccurate and do not follow the trend of 
the actual values as the cluster methods. This is because they 
provide point estimates of the forecasted values, while cluster 
algorithms provide ranges, defined by minimum, average, and 
maximum values. For the cluster methods, except for OPTICS, 
the actual hourly electrical power demands are always less than 
the lower bound of the respective forecast variation ranges of 
the load. On the one hand, this is preferable because it 
introduces conservatism to the resulting estimates. On the other 
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hand, it shows that the estimates given by the OPTICS cluster 
method are the most accurate. Mini Batch K-Means ranks right 
behind OPTICS. Its minimum forecasting assessments are the 
closest, mostly at the top and sometimes at the bottom, to the 
actual hourly power load. The TS K-Means graphs are similar 
to the Mini Batch K-Means, i.e. the actual hourly electrical 
power demands are quite close to the lower bound of the 
calculated range. These differences are slightly larger 
compared to those obtained with Mini Batch K-Means. 
Otherwise, they are all smaller than the corresponding 
differences estimated with the other clustering methods. The 
forecast ranges, determined by Agglomerative clustering, are 
the most compact (short) in comparison to the other clustering 
methods. However, the actual hourly power load for the study 
period is much smaller than the minimum forecast value for 
each time zone considered. Perhaps, with a larger input sample, 
the actual hourly electrical power demand would fall in those 
areas that are almost point-wise. Then the forecast assessments 
in the Agglomerative clustering method will be more accurate. 
The graphs in Figures 2-8 show that the most inaccurate 
estimates were obtained by K-Means and Agglomerative 
clustering. They contained the greatest degree of conservatism 
on actual electrical power loads. This is not dangerous, as it 
leads to a surplus of produced electric power and the users' 
needs will always be met. 

The accuracy of each method, shown in Figures 9-15, was 
calculated for each hour of the day based on the resulting 7-day 
forecast period. The most accurate forecasts were obtained by 
the OPTICS method, closely followed by the Mini Batch K-
Means. K-Means and Agglomerative clustering methods gave 
the most inaccurate prediction results. The largest error was 
seen in the estimate given by each method for the 7th hour of 
the day. The two methods using regression analysis gave 
similar accuracy results. For both methods, the most inaccurate 
estimate was for the 7th hour (0.22%), followed by about 0.5% 
for the 17th and 18th hours. The regression estimates were 
more accurate than K-Means and Agglomerative clustering, 
and they are comparable to TS K-Means, and Mini Batch K-
Means, but contain a larger degree of dispersion around the 
average value of 0.2%. Last but not least, they are much less 
accurate than OPTICS.  

 

 
Fig. 8.  Accuracy of the moving window method. 

 
Fig. 9.  Accuracy of the assessments obtained by the ARIMA method. 

 
Fig. 10.  Accuracy of the assessments obtained by the K-Means method. 

 
Fig. 11.  Accuracy of the assessments obtained by the TS K-Means method. 

 
Fig. 12.  Accuracy of the Mini Batch K-Means method. 
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Fig. 13.  Accuracy of the assessments obtained by Agglomerative 

clustering. 

 
Fig. 14.  Accuracy of the assessments obtained by the OPTICS method. 

The most accurate and compact was the OPTICS method, 
varying in the interval [0%, 0.02%] coincident with the mean 
of the exact interval 0.01%. It was followed by the TS K-
Means, whose range of variation of estimates was very narrow 
[0.18%, 0.2%] and the dominant error values were 0.19%. Mini 
Batch K-Means was third in terms of compactness of the 
forecasting error. It also provided estimates with small variance 
(0.18%) around the average value, and the range of variation of 
the estimates was [0.9%, 1.3%]. The error graphs of K-Means 
and Agglomerative clustering were quite similar. In both cases, 
the largest error was observed in the prediction for the 7th 
(0.4% and 0.38%) and the 15th hour of the day (0.3% and 
0.28%) for K-Means and Agglomerative clustering 
respectively. The execution time of TS K-Means was worse by 
far in comparison to the other algorithms, although its 
performance is good enough for algorithms to be implemented 
and executed daily without compromising the process of 
forecasting. Regression methods were less accurate than the 
cluster ones, except K-Means and Agglomerative clustering. 
Another disadvantage is that they require a long time to train 
the models and a large amount of data to guarantee an adequate 
forecast, which is not typical for clustering methods. K-Means 
and Agglomerative clustering are in the last place in terms of 
forecasting accuracy, but their largest error is 0.38% and occurs 
only for one hour of the day, which is not fatal for short-term 
forecasts. In principle, the accuracy of the forecast results can 
be increased by increasing the amount of input data used to 

train each algorithm. However, data older than 10 years should 
not be utilized, as the influence of many economic, political, 
geographic, and other factors change the trend of the forecasts 
and cannot be reliable. 

IV. CONCLUSION AND FUTURE RESEARCH 

Although the delta between the minimum and maximum 
forecast cluster values is smaller for insufficient data input, the 
results showed a decrease in accuracy with the quantity of input 
data. As a greater number of input points was fed to the 
algorithms, the predicted outcome was not as precise but much 
more accurate. This study trained each method with data for 4 
years, 1 year, and 4 months. One conclusion is that there is no 
real impact from feeding the algorithms with data larger than 1 
year since the accuracy remains roughly the same, but the 
precision is harmed. 

Using additional functions and methods to adjust the needs 
to the strengths of the algorithms may be a great advantage, as 
the clustering algorithms are not very well suited to forecast 
time-series data. However, using the right toolset could 
advantage the system to be applied to an environment that does 
not provide enough input data, where other algorithms may 
suffer from data scarcity. Cluster methods' forecast results are 
much more accurate than those obtained by regression analysis 
methods. Moreover, they require fewer time resources to 
process the input data to train the models and obtain the final 
predictions. The data used in the models synthesized in this 
paper to persform short-term forecasts of hourly electricity 
power demand on the territory of the Republic of Bulgaria are 
universal. They can be used to perform any kind of short-term 
hourly forecasts of arbitrary quantities. They were applied to 
this case because the authors had this kind of data to process. 
And they are only illustrative of their applicability. 

One prospect for further research could be to examine 
additional clustering methods, while the considered input data 
period could be enlarged to 10 years 
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Abstract-In this paper, a closed square ring resonator loaded 2-
port Multi Input Multi Output (MIMO) is proposed for dual-
band applications in the S and C band. The presented antenna 
model is designed by loading it in FR-4 substrate with a feedline 
of 50Ω and loaded with SRR for the enhancement of isolation and 
radiation pattern. Ansoft HFSS is used to obtain the simulated 
parameters of the model for the frequency ranges of 2.2-2.5 and 
6-6.3GHz. Measurements confirm the characteristics of the 
fabricated antenna that were speculated with the simulation 
results with a little shift in frequencies. The diversity parameter 
performance analysis justifies the working performance of the 2-
port MIMO for WiFi, WLAN, and ISM band applications. 

Keywords-dual band; microstrip; RR; MIMO; ECC 

I. INTRODUCTION  

Wireless communications play a very important and 
significant part in our daily life [1-3]. In this time of global 
crisis due to the COVID-19 pandemic, telecommunication 
infrastructure is connecting people and helping transfer 
necessary data from physical structures to digital platforms. 
Antennas play a very important part in the telecommunication 
network by acting as a transducer in sending and receiving 
electromagnetic waves [4-5]. As the requirement of compact 
and portable devices for wireless communication is increasing, 
microstrip patch antennas prove to be a potential candidate and 
are preferred over the conventional antennas [6]. These 
antennas have the advantages of being light weight, smaller in 
size, they have a low profile, and the potential to be fabricated 
and incorporate easily on other external devices. However, 
MIMO antennas have evolved as a potential aspirant in 
meeting the demands of high data rates and high speed with the 
significant advantages of decreased fading and link reliability 
in multipath environments. The use of MIMO antennas results 

in better spatial and pattern diversity with increased channel 
capacity [7-10]. The main challenge for the researchers lies in 
increasing the isolation between the ports so that there is 
minimum interference between the transmitting and receiving 
signals. The increased correlation between the ports will affect 
the antenna efficiency, so mutual coupling needs to be reduced 
for the better performance of the antenna. Moreover, even in 
the conventional microstrip patch antennas, the most common 
limitations are low impedance bandwidth, solo resonating 
frequency, and low gain. Different techniques have been 
reported for enhancing the isolation and improving antenna 
parameters like DGS, resonators, AMCs, meander line, 
metamaterials, etc. [11-12]. A MIMO antenna with V shaped 
ground for application in the WLAN band has been presented 
in [13], whereas in [14], an MIMO antenna loaded with CSRR 
is proposed. Another MIMO antenna with symmetrically 
placed patch elements is described in [15]. 

Ring resonators proved to be a suitable candidate among all 
the techniques reported for enhancing the antenna parameters 
due to their simple structural design. In this paper, the use of 
triple closed square RR has been shown for the reference port 
antenna and also for the proposed 2-port design. Return loss, 
reduced dimensions by maintaining its characteristics, and 
promoting the effect of the capacitive filter can be achieved by 
the application of ring resonators on the micro strip patch 
antenna [16]. The main aim of using closed square RR-inspired 
antennas is to minimize the antenna size, enhance the isolation, 
and increase the bandwidth making them more desirable for 
applications. When ring resonators are loaded in microstrip 
antennas, a capacitive filter effect is induced which works in 
increasing the antenna return loss, reducing the dimensions of 
antenna by retaining its main attributes, and other effects [17-

Corresponding author: Pronami Bora 
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18]. The use of various ring resonators implemented in 
microstrip antennas has been reported by many authors in the 
literature [19-20]. Various non-homogenous elementary 
geometries have been used like split ring resonators and 
complimentary split ring resonators in various shapes [21-22].  

The proposed antenna design loaded with square closed 
ring resonators exhibits advantages in terms of isolation, 
compact size, low-fabrication cost, low-cross polarization 
level, and dual-band operation. 

II. ANTENNA DESIGN 

A. Model 

The present section illustrates the design of the single 
antenna element taken as a reference. Figure 1 represents the 
configuration of the antenna embedded on a FR-4 substrate 
having relative permittivity of 4.4 and a loss tangent of 0.025 
along with the fabricated prototype. The substrate height is 
taken as 1.6mm with a 25×25mm2 patch. The antenna 
dimensions are mentioned in Table I. Testing of the fabricated 
prototype has been conducted with the Vector network 
analyzer and it shows satisfactory correlation among the 
fabricated and the simulated results. The geometry of the 
closed square RR is given in Figure 2(a) and the unit cell 
electrical equivalent is shown in Figure 2(b). The resonating 
frequency fo of the square RR is given as: 

fo = 
��������    (1) 
 

 
(a) 

 
(b) 

Fig. 1.  Geometry of the reference antenna. (a) Simulated design, (b) 

fabricated antenna. 

 

 

(a) (b) 

Fig. 2.  (a) Ring resonators, (b) equivalent circuit. 

 

 

TABLE I.  ANTENNA DIMENSIONS 

Antenna dimensions Size in mm 

pw1 40 

pl 50 

sw 25 

sl 25 

a 6 

b 5 

fl 16 

fw 3 

 

B. Design Specifications 

The parameters of the antenna are obtained from the 
conventional formulas given below [15]. 

The width (W) is calculated as: 

w 	 ��
����� � ���� 	 ��
� � ����    (2) 
where c is the free space velocity of light and εr the dielectric 
constant of the substrate. The effective dielectric constant of 
the microstrip patch antenna is:  

ε�

 	 ���� � ���� � �
�������

�    (3) 
The actual length of the patch (L) is: L 	 L�

 � 2ΔL    (4) 

where 

L�

 	 ��
���      (5) 
!�" 	 0.412 '�  �(.)*+���(.�,-.

'�  �(.�/0*+���(.0.    (6) 
The simulated and fabricated return loss for this antenna is 

shown in Figure 3 which shows that this single element 
antenna is operating at 2.4GHz for ISM band applications.  

 

 
Fig. 3.  Measured and simulated reflection coefficient for the single 

element antenna. 
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Figure 4 shows the proposed MIMO antenna. Testing of the 
fabricated prototype has been conducted with the Vector 
network analyzer and it shows satisfactory correlation among 
the fabricated and the simulated results. The electrical 
equivalent circuit for one element is shown in Figure 5. A tank 
circuit of inductor L and capacitor C is formed by each unit cell 
of the resonator. L
 is resulted due to the current flow through 

the main feedline. The shunt capacitances C2�  and C2�  are 

formed due to the gap in the ground plane and patch. 

 

(a) 

 

(b) 

 
Fig. 4.  Geometry of the proposed antenna. (a) Simulated design, (b) 

fabricated antenna. 

 
Fig. 5.  Equivalent circuit of one patch element. 

III. PARAMETRIC ANALYSIS 

For the best probable performance of the proposed antenna, 
its dimensions have been optimized and this is evident from the 
following observations. The variations in the return loss have 
been observed by varying several parameters as discussed 
below. 

A. Outcome of Changing Length of Feed 

The proposed line fed antenna’s return loss is observed by 
changing the length to 15mm and 17mm. The feed length fl 
(16mm) of the proposed design is giving the optimum results 
as shown in Figure 6.  

 
Fig. 6.  Reflection coefficient by varying feed length. 

B. Outcome of Changing Width of Feed 

Return loss variations have been observed by increasing 
and decreasing the feed width to 2.8mm and 3.2mm. Optimum 
return loss is observed for the feed width of 3mm as designed 
in this paper. 

 

 
Fig. 7.  Reflection coefficient by varying feed width. 

C. Outcome of Changing the Width of the Ring Resonator 

Slot width of the ring resonators was varied to 0.5mm and 
1.5mm to obtain the variations in return loss characteristic as 
shown in Figure 8. It is noticed that slot width of 1mm is 
providing the best results. 

IV. RESULTS AND DISCUSSION 

For simulating the antenna parameters, finite element based 
Ansoft HFSS is used and for the fabricated results and the 
Vector network analyzer manufactured by ANRITSU is 
utilized. The model number is MS2073C offering a frequency 
range from 5kHz to 15GHz and 350µs/data point sweep speed. 
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Fig. 8.  Reflection coefficient by varying resonator width. 

A. Reflection CoEfficient and Radiation Patterns 

Figure 9 shows the measured and simulated reflection 
coefficient for the proposed MIMO antenna. The antenna 
provides return loss> –20dB and isolation of more than 20dB 
to tune over frequency bands between 2.3–2.4GHz and 5.9–
6.3GHz. 

 

 
Fig. 9.  Measured and simulated reflection coefficient of the proposed 

antenna. 

The radiation patterns for the E plane and H plane of the 
proposed antenna for both operating frequencies are shown in 
Figure 10. It is observed that the proposed design shows good 
radiation performance and cross polarization is less compared 
to the co-polarization in both planes. 

B. Gain 

Figure 11 shows the gain of the proposed antenna. It can be 
observed that the proposed design has a maximum gain of 7dBi 
at 2.4GHz resonating frequency and a gain of 4.5dBi at 6.1GHz 
frequency. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 10.  Radiation patterns of the proposed antenna: (a) 2.4GHz E plane, 

(b) 2.4GHz H plane, (c) 6.1GHz E plane, (d) 6.1 GHz H plane. 

  
(a) (b) 

Fig. 11.  Gain of the proposed antenna. (a) 2.4GHz, (b) 6.2GHz. 

C. Diversity Parameters 

The various performance metrics for justifying the 
performance of the proposed MIMO antenna, like Envelope 
Correlation Coefficient (ECC), Diversity Gain (DG), and 
Group Delay (GD) were computed. It is observed from Figure 
12 that the proposed MIMO antenna is having good 
performance metrics as ECC is below 0.05 with DG of more 
than 9.98, and GD less than 2ns. 

ECC defines the amount of correlation between an antenna 
and the others and can be expressed as: 

ρ� 	 |∑ 6∗8,:	∗	6∗<,:	=:>� |�∏ @��	∑ 6∗8,:6:,AB=:>�:A>'8,<*     (7) 

where N is the number of antenna elements, and a, b are the 
antenna elements.  

The measured ECC for the proposed antenna is below 0.05 
which justifies its use for practical applications. The proposed 
design provides a maximum GD of 2ns which is well within 
limits. Another important performance parameter in MIMO 
antennas is DG which defines the amount of obtained 
improvement in MIMO compared to SISO and can be 
expressed as: 
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DG 	 10√1�	ECC�    (8) 
DG should be more than 9.95 for any practical applications 

and the computed results shows that DG is more than 9.96 as 
can be seen in Figure 12. A comparison of some of the existing 
works for isolation enhancement is presented in Table II for 
different applications. 

 

 
Fig. 12.  Diversity gain and group delay of the proposed antenna. 

TABLE II.  COMPARISON WITH EXISTING WORKS 

Ref No. Size (mm) 
Minimum 

Isolation (dB) 
Resonant frequency 

(GHz) 

[19] 100×50 15 1.73, 2.8 

[20] 100×50 10 2.4-2.5 

[21] 80×40 15 2.9-3.3, 3.2-3.6 

[22] 100×60 10 2.4-2.6, 3.4-3.6 

This paper 80×50 20 2.2-2.5, 6-6.3 

 

V. CONCLUSION 

A triple closed RR of square shape, embedded on a 
microstrip patch antenna for S and C band applications is 
presented in this work. The resonating frequency band at return 
loss >20dB is 2.3-2.4 GHz and 5.9-6.3 GHz with good 
impedance matching and gains of 7.5dB and 5dB respectively. 
The proposed antenna model is befitting for applications in S 
and X bands covering WiFi, WLAN, and ISM band 
applications with isolation of more than 20dB in the operating 
bands. The performance parameters of the proposed MIMO 
antenna are satisfactory with ECC < 0.1, DG > 9.93dB and a 
maximum GD of 2ns.  
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Abstract-Global warming and environmental damage have 

become major problems. The production of Portland cement 

releases large quantities of gas, which cause pollution to the 

atmosphere. This problem can be solved via the use of sustainable 

materials, such as glass powder. This study investigates the effect 

of partial replacement of cement with sustainable glass powder at 
various percentages (0, 15, 20, and 25%) by weight of cement on 

some mechanical properties (compressive strength, flexural 

strength, absorption, and dry density) of Reactive Powder 

Concrete (RPC) containing a percentage of Polypropylene fibers 

(PRPC) of 1% by weight. Furthermore, steam curing was 

performed for 5 hours at 90
o
C after hardening the sample 

directly. The RPC was designed using local cement, silica fume, 

and super plasticizer with a water/cement ratio of 0.2 to achieve a 

compressive strength of 96.3MPa at the age of 28 days, and it was 

tested at percentages of sustainable glass powder replacement of 

0 and 20% by weight of cement. According to the study's 

findings, RPC's compressive strength rose up to 4.2% as a 

consequence of the use of sustainable glass powder replacement 
by 20%, flexural strength up to 15.3%, dry density up to 0.49%, 

and absorption reduction by 31.7% at the age of 28 days and in 
comparison with the reference mixture. 

Keyword-reactive powder concrete; sustainable glass powder; 

polypropylene fiber; flexural strength; compressive strength 

I. INTRODUCTION  

The requirements for high strength and high performance of 

concrete are the main reason for the production of Reactive 
Powder Concrete (RPC) [1]. RPC is defined as a cementitious 

composite with very high strength and ductility [2]. The 
development of RPC is based on the idea that a material with a 

limited number of internal voids will have a larger load-
carrying capacity and will exhibit superior structural overall 

performance [3]. In order to manufacture cement, a large 

amount of natural resources and energy must be used in its 
production. The production of 1 ton of cement from start to 

finish requires about 1.5 tons of raw materials. It is vital to hunt 

for alternative binders because of the necessity to minimize 

CO2 emissions. The need for more cost-effective and 

environmentally friendly cement ingredients has fueled the 

interest in alternative materials that may partly replace 
Ordinary Portland Cement (OPC), which is the most widely 

utilized [4]. 

The majority of the recent work in Iraq's building sector has 

been devoted to determine the viability of local raw resources 

as substitutes for imported commodities that are required for 
certain practical uses [5]. Additionally to traditional mineral 

admixtures, other materials, such as glass powder, can be used. 
When glass is utilized as an aggregate, its high alkali content 

facilitates the formation of the pozzolanic reaction that occurs 
when it is crushed into fine powder and used as a partial 

substitute for cement. It has been shown that the inclusion of 

glass powder has a positive effect on the expansion caused by 
alkali silica reaction. Cracks in a concrete construction are 

unavoidable during the course of its life [6, 7]. Structures 

exposed to the external environment are more prone to 

cracking because they are impacted via shrinkage or expansion 
in weight and drying, as well as other environmental variables. 

These cracks have an impact on the mechanical characteristics 

and the durability of the structures reduces. Fibers may be used 
to solve this issue [8]. Polypropylene fibers are regarded to be 

an excellent substitute for cotton, because of their excellent 

chemical stability and hydrophobic nature [9, 10]. It was found 

that using polypropylene fibers to volume percentages up to 
0.45% produced results that were comparable to those achieved 

with steel fibers [11]. Authors in [12] checked the mechanical 

and fresh properties of RPC. They produced RPC with a 

compressive strength of 130MPa under standard processing 
conditions at the age of 28 days. The strength obtained at 28 

days of curing is equivalent to approximately 70% of the 

strength achieved at 7 days. The results show that the addition 
of fibers led to a significant improvement in compressive 

strength and bending compared to concrete without fibers [13]. 

Corresponding author: Zainab Ali Hussain 
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II. MATERIALS  

A. Cement 

OPC (Cem I 42.5R) was used in this study. The physical 
and chemical requirements comply with [14]. 

B. Silica Fume (SF) 

Silica fume was employed to improve rheological 

properties via the lubrication effect caused by the spherical 
shape of the material. The chemical and physical properties as 

well as the strength activity index are in accordance with the 

[15] standard. 

C. Fine Aggregates 

The utilized fine aggregates had a good gradation, were free 

from harmful substances that have an impact on the results of 

the examination, and passed through the 0.6mm sieve, and 
complied with the requirements of [16]. 

D. Polypropylene Fibers 

Belgian Fibers polypropylenes fibers were used for 

reinforcement. The specifications and properties of the fibers 
used throughout the experimental work are illustrated in Table 

I and Figure 1. 

TABLE I.  POLYPROPYLENE FIBER PROPERTIES* 

 

 
Fig. 1.  Polypropylene fibers used in this work. 

E. Glass Powder 

In this study, sustainable glass powder (Figure 2) resulting 

from shops selling window glasses was used. Because it was 

difficult to be disposed of, it was recycled and grounded to the 

required finesse according to the requirements of [17]. At first 
the grinding process was carried out with the use of an iron 

hammer that crushed the waste glass into small pieces. Then an 

industrial grinder was used. The chemical and physical 
properties and strength activity index comply with [18], as 
show in Table II. 

 
Fig. 2.  Glass powder used in this work. 

TABLE II.  CHEMICAL AND PHYSICAL PROPERTIES OF GLASS 

POWDER 

Oxide composition Test result % 

Limit of ASTM C618-15 

class N specification 

requirements 

Silicon Oxide (SiO2) 64.22 

Min(70) Aluminum oxide(AL2O3) 9.6 (79.02) 

Iron oxide(Fe2O3) 5.2 

Sulfur trioxide (SO3) 2.1 Max(4) 

Calcium oxide (CaO) 4.26 ----- 

Magnesium oxide (MgO) 1.65 ----- 

Loss of ignition 3.21 Max(10) 

Percent retained on 45µm 

(NO.325) 
32% 34% 

Strength activity index % 

with OPC at 7 days. 
101.4 Min (75) 

 

F. Water  

The water used in this study was clean and free from 

harmful substances, complying with [19].  

G. Chemical Admixtures 

Given that adding fibers to the mixture reduces mixture 

workability, therefore a superplasticizer was added to the 

mixture. This type G product, conforms to [20] and the 

manufacturer's suggested dose varied from 0.5 to 2.5lt per 
100kg of cement. 

III. REACTIVE POWDER CONCRETE DESIGN 

For the purpose of obtaining RPC with the desirable 

properties, strength design of 95MPa was adopted [12]. Table 
III summarizes the mix design RPC containing polypropylene 

fibers by 1% vol. of concrete. The used dosage of 
superplasticizer was 1.8lt/100Kg of cement. 

TABLE III.  DETAILS OF RPC MIX PROPORTIONS FOR (Kg/m
3
) 

Mix 

type 
OPC 

Fine 

aggregates 

Silica 

fume 

Glass 

powder 

Water 

weight 
W/Cm 

M.0% 950 1045 238 ---- 208 0.175 

M.15% 807.5 1045 238 142.5 208 0.175 

M.20% 760 1045 238 190 208 0.175 

M.25% 712.5 1045 238 237.5 208 0.175 

 

IV. CURING SAMPLES 

After the samples were removed from the molds, they were 

placed in the steam curing device for 5 hours at a temperature 
of 90oC as shown in Figure 3. After that, the samples were 

Description Specifications 

Length 6mm 

Diameter 34µm 

Aspect ratio 0.176 

Density 0.91g/cm3 

Young modulus 3750MPa 

*data sheet 
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outed from the steam curing device and were placed in the 

normal treatment tank for the age of test. 

 

 
Fig. 3.  The cycle of steam curing. 

V. RESULTS AND DISCUSSION 

A. Flow Test 

Regarding the flow for PRPC samples, a minor increase 
was achieved with increased replacement percentage as shown 

in Figure 4. This occurred due to the small size of the glass 
powder particles in addition to the glassy texture and the 

spherical shape that makes them work as spherical bearings 

that lubricate the mix. Thus the glass powder acts as a superior 
plasticizer that increases workability and reduces the friction 

that occurs between the particles. This result agrees with the 

results of [21].  

 

 
Fig. 4.  Relationship between flow and flass powder percentage for PRPC. 

B. Compressive Strength  

The sustainable glass powder was utilized in 4 percentages 

(0, 15, 20, 25%) by weight of cement. We notice through the 

values shown in Figures 5-6 that the glass powder affects the 
chemical reactions in the cement. The highest value of 

compressive strength was obtained when the replacement ratio 

was 20%, due to the pozzolanic reaction caused by the glass 
powder in the RPC mixture being energetically triggered via 
the high temperature used for steam curing leading to the 

formation of a denser microstructure and a quicker 

development of strength. Finely dispersed glass powder acts as 

a supplementary cementitious material micro filler within the 

concrete matrix, causing the strength to increase. This result 
agrees with the results of [22, 24]. 

 

 
Fig. 5.  Testing a prismatic concrete sample. 

 
Fig. 6.  Relationship between the compressive strength and age for PRPC. 

C. Flexural Strength  

The flexural strength values of the mixture with 20% 
replacement with glass powder were greater than the reference 

mixture's values as shown in Figure 7. This increase was 
caused by the great pozzolanic properties of the glass powder 

that play a micro filler function in the concrete matrix RPC 

mix. The flexural strength of PRPC was improved via 
extending the curing age due to the continued cement hydration 

as the curing age progressed. This result agrees with [25, 26]. 

 

 
Fig. 7.  Relationship between the flexural strength and age for PRPC. 

D. Dry Bulk Density 

The results of the oven-dry density of hardened test for 
replacement ratio of 20% sustainable glass powder at the age of 
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7, 28, and 90 days was higher than the reference mixtures 

(Figure 9). This increase was caused by the fact that the glass 

powder has the potential to react with the CaO generated from 
the cement hydration leading to the formation of additional 

binder material, which is a calcium silicate hydrate gel, which 

contributes to the increase in the density of the mortar by filling 

the spaces between the cement paste and fine aggregates. This 
result agrees [27, 28]. 

 

 
Fig. 8.  Testing a cubic concrete sample. 

 
Fig. 9.  Relationship between dry bulk density and age for PRPC. 

 
Fig. 10.  Relationship between absorption (%) and age for PRPC. 

E. Water Absorption 

The findings of the absorption test revealed that the amount 

of sustainable glass powder present is inversely proportional to 
the amount of absorption (Figure 10). The sustainable glass 

powder can act as a supplementary cementitious material and 

form larger amounts of C-S-H gel that can fill the spaces in the 
concrete matrix that would be filled with water. This result 

agrees with the findings in [24].  

VI. CONCLUSION 

After experimenting in the laboratory and comparing the 

values of the reference RPC mixture with the mixtures of 

replacement ratios of 15, 20, and 25% by weight of cement, it 

is concluded that: 

• The compressive strength at 15% replacement increased by 
about 1.39% at the age of 7 days, 2.39% at the age of 28 
days, and by 3% at 90 days. At 20% replacement, the 
increase was about 2.39, 4.2, and 6.1% at 7, 28, and 90 days 
respectively. At 25% replacement ratio, the opposite 
occurred. The compressive strength was less than that of the 
reference mixture by about 3% at 7 days, but in later ages 
(28, 90 days) there was a decline in the decrease to 2.8 and 
2.5%. 

• The highest flexural strength of 9.53MPa was achieved at 
28 days at 20% replacement. 

• The water absorption of the 20% replacement mixture was 
less than the reference mixture's by 31.7% at the age of 28 
days. 

• The dry density of PRPC showed slight increases when the 
cement was replaced by 20% by sustainable glass powder at 
all ages. The PRPC density achieved by this replacement 
rate was 2436, 2448, and 2457kg/m

3
 at 7, 28, and 90 days. 

• The utilized in this study sustainable glass powder is very 
good in improving the mechanical properties of concrete in 
the presence of polypropylene fibers. 
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Abstract-Indexing of Electron Backscatter Diffraction (EBSD) is 

a well-established method of crystalline material characterization 
that provides phase and orientation information about the 

crystals on the material surface. A deep learning Convolutional 

Neural Network was trained to predict crystal orientation from 

the EBSD patterns based on the mean disorientation error 

between the predicted crystal orientation and the ground truth. 

The CNN is trained using EBSD images for different deformation 

conditions of AA5083. 

Keywords-AA5083; microstructure; EBSD; machine learning; 

deep learning 

I. INTRODUCTION  

Material science has resulted from the establishment of the 
new field of material informatics. Image data is one of the most 
prevalent forms of data in material research, given to 
advancements in numerous material imaging techniques. Deep 
Learning (DL) has lately resulted in ground-breaking 
improvements in a variety of domains, including the prediction 
of material characteristics. Experiments and simulations are 
used by materials science and engineering researchers to try to 
comprehend the Processing–Structure–Property–Performance 
(PSPP) interactions, which are far from completely understood. 
In fact, practically everything in materials science is dependent 
on these PSPP interactions. There is a need to better 
comprehend this complicated system of PSPP connections to 
identify and build new improved materials with desired 
qualities [1, 2]. DL has emerged as a useful method for big data 
analysis. It employs complicated algorithms and Artificial 
Neural Networks (ANNs) to teach computers to learn, 
categorize, and identify data/images in the same way with the 
human brain [3]. The Convolutional Neural Network (CNN) is 
a type of ANN frequently used in DL for image/object 
detection and categorization [4]. CNNs are important in a 
variety of activities/functions such as image processing, 
computer vision tasks such as localization and segmentation, 
and predicting cracks on materials using microscope techniques 
by identifying grains and boundaries. CNNs are particularly 
popular in DL because they play a vital role in these rapidly 
increasing and new domains [5]. In addition, one of the most 
advanced techniques in material creation and investigation is 
Electron Backscatter Diffraction (EBSD). The most prevalent 

method for EBSD indexing is the Hough transform-based 
method, which is based on computing angles between linear 
features derived from the direction pattern. The fundamental 
issue with this approach is that its performance degrades fast in 
the presence of noise [1]. 

In this paper, a DL ANN is utilized to train a model that can 
predict the grain orientation due to different deformation 
conditions, i.e. temperature and train rate. The novelty of this 
work lies within the developed model which can predict the 
material crystallography without the need to do the time-
consuming EBSD characterization. The work shows the pattern 
changes due to the deformation which can be used to tailor the 
process in order to achieve the desired grain orientations.  

II. ELECTRON BACKSCATTER DIFFRACTION 

There are many examples of CNN applications in DL 
regarding material images. The most familiar CNN training 
technique is the EBSD which is a technique that uses a 
Scanning Electron Microscope (SEM) to provide 
crystallographic information on a sample's microstructure. A 
stationary electron beam interacts with a tilted crystalline 
sample in EBSD, and the diffracted electrons generate a pattern 
that a fluorescent screen can detect. The diffraction pattern 
reflects the crystal structure and orientation in the sample 
region where it was created. As a result, the diffraction pattern 
may be utilized to detect crystal orientation, distinguish 
crystallographically distinct phases, characterize grain 
boundaries, and offer information regarding local crystalline 
perfection [6-8]. EBSD has become a well-known accessory 
for SEM, which is commonly employed to give 
crystallographic information. As a result, EBSD is currently 
being used in a variety of diverse applications on material 
characterization [9-11]. 

Authors in [12] provided the first DL solution for the use of 
EBSD indexing. The aim was to provide an end-to-end solution 
that does not require specific expertise or image processing 
computing. The system is based on entering the raw EBSD 
patterns to predict the 3 numerical ones using CNNs designed 
to learn the spatial dependencies among pixels and extract 
relevant features. The network consists of many layers, 
including pooling, and a fully connected layer for the output 
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regression. Historically, the focus of material research was to 
optimize the composition and process in order to provide target 
materials with optimum microstructure and performance 
matching. However, this strategy is inefficient since it relies on 
a lot of experimentation and trial-and-error experience. As a 
result, the Material Genome Project has been suggested to 
accelerate material research and development and aimed to 
develop internal links between processes, composition, 
microstructures, and properties to design microstructures with 
the required performance. According to this connection, the 
material's composition and procedure are developed and 
optimized. As a result, the key challenge of developing and 
optimizing materials is defining the quantitative relation 
between material composition/process, organizational structure, 
and performance [13-15]. 

Authors in [16] studied the material characteristics 
prediction using EBSD, which not only contains structural 
information, but it is also easier for computers to grasp. They 
built an EBSD-based digital knowledge graph representation 
and subsequently designed a representation learning network to 
integrate graph features. Finally, using graph embedding, they 
employed an ANN to predict material performance. They 
tested their approach on magnesium and compared it to 
existing machine learning and computer vision methods. The 
findings demonstrated the scientific validity of the suggested 
approach, as well as the practicality of property calculation. 
They made a representation method of the EBSD grain 
knowledge graph and used it for the prediction of 
organizational performance. Resulting from the application of 
the node and edge representations, they built a graph feature 
convolution network to incorporate the grain knowledge graph 
and achieve graph feature extraction. Then, using the graph 
feature, a feature mapping network based on an ANN was 
developed to predict material properties. They compared the 
proposed approach with two other classic statistics-based 
machine learning approaches and visual feature extraction 
methods. To get the material properties, they used traditional 
machine learning methods to directly calculate the attribute 
features of all grains. Furthermore, they utilized the CNN 
model to predict visual features from the microstructure map 
and predict performance. They demonstrated that the CNN 
technique is better than the other methods [16]. 

III. EXPERIMENTAL WORK 

The chemical composition of the received materials is 
analyzed below. The specimens were machined in a rod shape 
with a diameter of 5mm and a length of 10mm. The rods were 
heat treated for 1h at 500°C for homogenization. The rod shape 
is shown in Figure 1(a). In order to guarantee consistency, 
different locations were tested for the microstructure of the 
material before and after heat treatment as shown in Figure 
1(b). Table I shows the chemical composition for aluminum 
alloy 5083. Figures 2-4 depict the microstructure at different 
scales, exhibiting the grain uniformity and distribution. 

TABLE I.  AA5083 CHEMICAL COMPOSITION 

Element Si Fe Cu Mn Mg Zn Ti Cr Al 

Al% 0.4 0.4 0.1 0.4-1.0 4.0-9.0 0.25 0.15 0.05-0.25 balance 
 

 
 

 

 

 

(a) 
 

(b) 

Fig. 1.  Specimen specifications. (a) Sample dimensions, sample locations. 

(a) 

 

(b) 

 

Fig. 2.  AA5083 homogenization. (a) As received, (b) after 
homogenization. 

 
Fig. 3.  AA5083 EBSD of the homogenized material. 

 
(a) 

 
(b) 

Fig. 4.  AA5083 homogenization. (a) Edge, (b) middle. 

 

 

 

10 mm
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TABLE II.  EXPERIMENTAL TEST PROCEDURE 

Sample Initial Size (mm) Post-deformation size (mm) Notes 

350°C / 0.001s
-1
 

Diameter (D): 5 

Length (L): 10 

D=5.05, L=9.83 n/a 

350°C / 0.1s
-1
 D=5.03, L=9.93 n/a 

350°C / 1s
-1
 D=5.08, L=9.79 100µm deformation during compression stage 

375°C / 0.001s-1 D=5.04, L=9.79 100µm deformation during compression stage 

375°C / 0.1s-1 D=5.10, L=9.67 200µm deformation during compression stage 

375°C / 1s-1 D=5.04, L=9.83 150µm deformation during compression stage 

400°C / 0.001s-1 D=5.04, L=9.91 n/a 

400°C / 0.1s-1 D=5.08, L=9.73 200µm deformation during compression stage 

400°C / 1s
-1
 D=5.07, L=9.77 150µm deformation during compression stage 

 

The experimental results show the effect of the stain rate 
and temperature of the stress which in turn have an effect on 
the kinetics of static recrystallisation and the stored energy 
distribution in the microstructure. After deformation, the 
specimens were water-quenched and cut into 8 pieces in order 
to construct a full recrystallisation curve. The specimens were 
then mechanically polished and electro-etched in 10% oxalic 
acid. The recrystallized grains were easily recognized by their 
smaller size and strain-free microstructure. The results of 
deforming AA5083 at different strain rates and temperatures 
(Table II) are shown in Figure 5.  

 

(a) 

 

(b) 

 

(c) 

 

Fig. 5.  AA5083 strain/stress results. (a) 350
o
C, (b) 375

o
C, (c) 400

o
C. 

According to the calculations, a final length of 9.8mm is 
expected for every sample (with the initial length of 10mm). 
All dilatometry work to date has been done on AA5083 alloy 

samples. The initial and the post-deformation size of the tested 
specimens were measured and recorded. All Al samples were 
prepared for the EBSD map. The deformed materials, after 
being recrystallized, are shown in Figures 6–14 for different 
polishing and EBSD deformation conditions. 

 

 
Fig. 6.  350

o
C, 0.001/s. 

 

Fig. 7.  350
o
C, 0.01/s. 

 
Fig. 8.  350

o
C, 0.1/s. 

 
Fig. 9.  375oC, 0.001/s. 
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Fig. 10.  375oC, 0.01/s. 

 
Fig. 11.  375

o
C, 0.1/s. 

 
Fig. 12.  400oC, 0.001/s. 

 
Fig. 13.  400

o
C, 0.01/s. 

 

Fig. 14.  400oC, 0.1/s. 

IV. MACHINE LEARNING 

DL is a division of machine learning, which is effectively a 
three or more-layered neural network. These neural networks 
imitate the activity of the human brain, although with limited 
success, having the capacity to "learn" from vast volumes of 
data. While a single-layer neural network may still produce 

approximate predictions, more hidden layers can optimize and 
tune for accuracy [17]. Many Artificial Intelligence (AI) 
applications and services are relying on DL to boost 
automation by executing analytical and physical activities 
without human interaction [18]. Authors in [1], said that DL is 
the rediscovery of neural networks, which were algorithmically 
conceived in the '80s. During the recent years, the availability 
of big data and more capable computers has allowed these 
networks to become deeper. DL has enabled revolutionary 
advancements in a variety of domains, including computer 
vision and speech recognition [19]. Authors in [20] also said 
that the feedforward deep network, also known as the 
Multilayer Perceptron (MLP), is the archetypal DL model. An 
MLP is just a mathematical function that converts a set of input 
values to output values. Many smaller functions are combined 
to make the function. Each application of a distinct 
mathematical function may be thought of as presenting a new 
representation of the input. One viewpoint on DL is provided 
by the concept of finding the best representation for the data. 
Another viewpoint on DL is that it enables a machine to learn a 
multi-step computer program. Each layer of the image 
represents the state of the computer's memory following the 
execution of another set of instructions in parallel. Deeper 
networks can execute more instructions simultaneously [21]. 
To summarize, DL is an approach related to the AI technology. 
It is a form of machine learning technology, which allows 
computer systems to develop with experience and data. There 
are various types of DL models that are both accurate and 
successful at dealing with issues that are too intricate for the 
human brain, but the CNN technique has been applied in this 
research. 

A. Convolutional Neural Networks 

CNNs are a type of neural networks that is used to process 
input using a predefined, grid-like topology. Time-series data, 
which can be thought of as a 1D grid with samples at regular 
time intervals, and picture data, which can be thought of as a 
2D grid of pixels, are two examples. CNNs have had a 
remarkable amount of success in practical applications. The 
term "convolutional neural network" refers to the network's use 
of a mathematical procedure known as convolution. 
Convolution is a subset of linear operations. Convolutional 
networks are basically neural networks with at least one layer 
that uses convolution instead of basic matrix multiplication, 
[20, 21]. 

B. Structure of CNN 

There are three main layers in a CNN structure, which are 
the convolutional layer, the pooling layer, and the archetypal 
fully connected layer. 

1) The Convolutional Layer 

This is the CNNs core layer. Its parameters are made up of 
a series of filters. Although these filters are small, they cover 
the entire depth of the input volume. The fundamental job of 
the convolutional layer is to extract high-level information. The 
first one is in charge of extracting low-level characteristics 
such as color, edges, and so on. Following convolutional layers 
remove the high-level characteristics, resulting in a 
comprehensive knowledge of the image. 
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2) The Pooling Layer 

The function of this layer is to minimize the spatial size of 
the picture representation. As a result, it also helps to minimize 
the amount of computing and processing in the neural network. 
Furthermore, it extracts positionally and rotationally invariant 
dominant features. The Max operator is used to perform one 
type of pooling. This procedure selects the highest value from 
each neuron cluster in the previous layer. The other type of 
pooling is Average pooling, which yields the cluster's average 
value. Max pooling exceeds average pooling since it also 
works as a noise suppressor. In addition to convolutional 
layers, there are several pooling layers. The more of these 
layers there are, the more low-level features will be retrieved. 
However, the processing power required will increase as well. 
After the picture has been processed through all the present 
convolutional and pooling layers, feature extraction is 
complete. 

3) The Fully Connected Layers 

The fully connected layer, as the last layer, is a feed-
forward neural network. The flattened output of the prior 
pooling/convolutional layer is used as the input to the fully 
connected layer. To flatten is to unroll a three-dimensional 
matrix or array into a vector. A unique mathematical 
computation is performed for each FC layer. The SoftMax 
activation function is used over the last layer after the vector 
has passed through all of the fully linked layers. This is used to 
compute the probability that the input belongs to a specific job. 
Consequently, the final output is the various probabilities of the 

input picture belonging to distinct classes. The procedure is 
repeated for several image types and individual images within 
those types. This trains the network to distinguish between 
different images [23]. DL techniques are one of the superior 
future tools to materials developments and analysis, data-driven 
approaches in computer science are increasingly being used 
with great success on a wide range of material data. More data 
repositories are providing images and raw data to analyze. In 
addition, the advances in data science provide new algorithms 
and tools to analyze the data, holding much promise for 
successfully realizing the materials prediction goals and 
assisting in the discovery, design, and deployment of next 
generation materials [24, 25]. 

V. DEEP LEARNING 

A. CNN Training 

The collected EBSD data are used for training and testing 
of the machine learning networks, EBSD pictures of the 
microstructure along the rolling direction of the thickness of 
the alumina sheet are obtained using electron microscopy. 
Machine learning requires a large amount of input data, the 
scanned EBSD images are digitized using 1332×417 image 
size, and the length is in the same direction of rolling (Figure 
3). There are slightly more than 2000 grains captured form 
each EBSD obtained from the different deformation conditions. 
Roughly, a total of 20000 grins are used in the training and 
testing procedure. The gain orientations are used as an input to 
train the machine learning algorithm. Due to size limitations, 
each image was subdivided into sub images in order to 
minimize the size of the input rather than descaling the image 

which would reduce resolution. Each EBSD image was divided 
to 8 images of 100×100 size. Some parts of the images were 
eliminated, such as low brightness edges and drawing scale. 
For the implementation of the DL algorithm, two schemes were 
used, the first network is a classifier of the deformation 
conditions, while the second is a predictor of the grain 
orientations after deformation. MATLAB DL algorithm was 
used to train the first network based on CNN, while the second 
network was based on the LSTM network for predicting the 
grain orientation. ReLU activation function was used for the 
input side (unsupervised learning) and Sigmoid function was 
used for the fully connected supervised learning output side. 
The algorithms were implemented in MATLAB and executed 
on an i5 computer. In order to obtain the best model, multiple 
runs were executed such that the best run was used to obtain 
the best network. Figure 15 shows the flowchart of the training 
and testing procedure as well as the selection of the best trained 
network. 

 

 
Fig. 15.  CNN training, validation error, and loss function. 

Figure 16 shows the CNN network topology. This system 
has a single-colored image input, which is indicated as three 
colors (RGB), and an output channel which is divided into 10 
bins to indicate the orientation of the grains. Initially, the input 
is processed by the multi-color convolution system, followed 
by the merging layer, and a down pooling layer. There are 3 
stages of CNN, the 1st consists of 8 filters, the 2nd consists of 16 
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filters, and the last of 32 filters. Each filter has 3×3 size. 
Finally, the last layer is the fully connected layer which 
contains 10 classes, presenting each deformation condition. 
The training algorithm is set to train the network using the non-
deformed image only. Then transfer learning is used (purple 
box in Figure 15) with the initial system trained with the non-
deformed EBSD on how the grins are misoriented due to the 
deformation conditions. The learning is done in batches using 
the contrastive divergence search algorithm. In this procedure, 
the training data set is randomized and then split into subsets. 
The algorithm processes the data in mini batches and evaluates 
the cost function. Subsequently, the network weights are 
updated accordingly. This is done consecutively over all the 
training batches. The complete process is known as an epoch. 
For the training process a batch size of 10 is used [20]. The 
data are randomized and divided into 80% training and 20 
testing sets. The training was validated every 10 epochs in 

order to avoid over fitting. A total of 100 epochs were used for 
the training process. After the training of all the different CNNs 
for the multiple parameter sets is complete, the best fit is 
selected after being tested. Figure 17 shows the training and 
validation process with the error and the loss function for 
training and validation data. The training accuracy reported in 
this process is 88.33%, while the testing is 81.2%. 

 

 
Fig. 16.  CNN topology. 

 

 
Fig. 17.  CNN training, validation error, and loss function. 

B. Grain Orientation Modeling 

The grain orientation prediction is based on the grain 
distribution and the number of grains at each direction. Figure 
18 shows the grain orientation map as a function of color. Red 
grains are oriented at the 001 direction, green grains are 
oriented at the 111 direction, and blue grains are oriented at the 
101 direction [26]. The orientation can be correlated to the 
color in the RGB color map. The color map ranges from 0 for 
black to 256 for white. Red color is 76, blue is 30 and green is 
150. Hence, 001 grain will be at the 76 scale, 111 grain will be 
at the 150 scale, and 101 at the 30 scale. Each EBSD map is 
converted into a histogram of the grain colors as shown in 
Figure 19. Each Figure shows the as received orientations, and 
the three strain rates deformation as specific temperature, i.e. 
350

o
C, 375

o
C and 400

o
C. The orientation data obtained from 

the EBSD figures are collated together and randomized then 
divided into 70% training, 15% validation, and 15% testing 
subsets. The network used to train the data is an LSTM with 3 
layers of 100, 50, and 20 nodes, followed by a fully connected 
layer and a regression layer. The network parameters set are: 

• MaxEpochs 500 

• GradientThreshold 1 

• InitialLearnRate 0.005 

• LearnRateSchedule piecewise 

• LearnRateDropPeriod 125 

• LearnRateDropFactor 0.2 
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Fig. 18.  Grain orientation color map. 

(a) 

 

(b) 

 

(c) 

 

Fig. 19.  EBSD grain orientation histogram of the deformed materials. 

After the NN training is completed, the best network with 
the least error is selected with the comparison of the best fit at 
epoch 100. The fitting and testing results are shown at Figure 
20. The reported results are: Training performance = 0.7808, 
Validation performance = 0.8446, and Testing performance = 
0.6843. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 20.  Grain orientation modeling. a) training, b) validation, c) testing. 
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VI. DISCUSSION 

In this study, AA5058 is the investigated material with 
regard to its microstructure. Machine learning networks were 
developed to predict the output based on all the 
interdependencies. The results proved that machine learning 
has learned the distribution functions of the singular parameters 
accurately. The generated output resembled the grain 
distribution accurately. The machine learning algorithm was 
trained on a relatively small sample size, due to the limited 
number of experimental tests that were conducted. Everyday 
research has limitations on the amount of deformation and the 
creation of the of EBSD pictures. The results from this study 
proved the concept on small sample sizes. Bigger sample size 
can improve the accuracy and generalize the system. 

It is monitored that the microstructure changes due to 
deformation do impose changes in the grain orientation but in 
different magnitudes. In general, most of the grains have a shift 
in the orientation form 111 toward 101 and 001 orientation, and 
this is explainable due to the rolling. However, at low 
temperatures (350oC), the effect of the strain rate seems to be 
minimal, but at higher temperatures, the grains seem to be 
retaining their original orientation at high strain rate, while at 
lower strain rate, the changes are maintained, due to the lower 
working rate. This could be explained as no change at high 
strain rate, or the material has memory such that the grains will 
move back into their initial conditions after deformation. This 
is a phenomenon that needs to be investigated experimentally 
by freezing the deformation at different stages. 

VII. CONCLUSION 

This study presented a methodology for predicting the grain 
orientation for AA5058 after hot deformation at different 
conditions. Most studies use singular distribution functions to 
describe the input for the microstructure model. However, this 
study showed that machine learning approach can be used to 
describe any given microstructure changes due to deformation. 
The manufacturing process incorporates multiple steps, like 
homogenization, hot rolling, cold rolling, and tempering. They 
often show a complex microstructure where grains need to be 
considered accurately as this effects the materials properties 
and manufacturing. The aim of this study was to investigate the 
effect of deformation on the grains’ formation and orientation 
due to the deformation conditions and predict the orientation of 
the grains after deformation. For future work, other materials 
such as steel and copper alloys will be investigated. Steel alloys 
in particular, have many stages (martensite and austinite), 
having an influence on the grain orientation and material 
characteristics. The model needs to be extended to 
accommodate the different behaviors by including the phase 
information. 
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Abstract-This paper presents a load shedding method for power 

systems with high integration of wind energy, considering their 

frequency response. The minimum load shedding power needed 

to restore system frequency to operational limits can be 

determined by using the modified frequency response model 

along with secondary frequency control. The voltage electrical 

distance method can then be applied to appropriately distribute 

the shedding power to load buses. This method brings selectivity 

to the problem and minimizes the impact caused by load 

shedding. The proposed method was validated using simulations 
on the IEEE 37-bus test system with a modified wind power 

generator model. 

Keywords-modified frequency response (FR) model; load 

shedding; voltage electrical distance (VED); secondary frequency 

control (SFC) 

I. INTRODUCTION  

The impact of the high integration of renewable energy, 
especially wind power plants, into classical power systems 
raises concerns [1-3]. Accordingly, stability issues should be 
studied and solved in power systems with high-integrated wind 
energy [4-7]. When a disturbance occurs in an integrated wind 
power system and causes a power imbalance, the problem is 
more serious if the generating capacity is less than the load 
demand, which requires the system to take measures to 
rebalance the power and stabilize its frequency [8-10]. In [11-
13], virtual frequency controls with frequency response models 
of wind power systems were proposed to solve these stability 

issues. However, when all control efforts have been taken and 
the frequency does not return to normal or within the allowable 
range, load shedding is the final option for preventing a system 
blackout. Load shedding methods based on priority for wind 
energy integration were proposed in [14]. Higher priority loads 
powered by reliable wind power were prevented from being 
shed under redundancy conditions, such as high load demand. 
A method to improve the recovery period of underfrequency 
transients was demonstrated in [15]. In the rate of frequency 
change for wind turbine power generation, virtual inertia 
control was applied under frequency contingency. The main 
focus of these studies was to evaluate the response of the 
system to disturbances and to consider wind power as a reliable 
energy source to prevent shedding loads. 

An effective load shedding strategy requires the lowest 
amount of shedding power, which means that the system’s 
control capabilities and Transmission System Operators’ 
(TSOs) actions will provide the appropriate amount of 
additional power to the grid. This study deployed a modified 
Frequency Response (FR) model to analyze the frequency 
characteristics of the system considering wind energy, along 
with the secondary frequency control action of TSOs to obtain 
the minimum power for the load shedding strategy. The goal is 
to bring the system's frequency within normal operating limits 
and minimize the impact caused by load shedding. In addition, 
the voltage electrical distance method was used to distribute the 
shedding power and obtain selectivity. Furthermore, this study 
carried out simulations on the IEEE 37-bus system with a 
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modified wind turbine model using the PowerWorld 
Simulation Platform to validate the effectiveness of the 
suggested method. The results were then analyzed and 
compared with a traditional load shedding method. 

II. PRIMARY FREQUENCY CONTROL FOR WIND POWER 

Assessing the controllability of Wind Turbine Generators 
(WTGs) when frequency disturbances occur is an important 
issue, especially with the high penetration of wind energy into 
the traditional power systems. Most WTGs are connected to the 
system entirely or partly through power converters, so the 
frequency control support in the form of the inertia of a WTG 
is negligible, even though there is a small amount of inertia 
reserve in its mechanical parts (blades, rotor generator). 
Therefore, using the Virtual Inertia (VI) controller, the kinetic 
energy stored in the WTG can be quickly released to adjust 
power and prevent a rapid drop in frequency when a large 
disturbance occurs. In addition, the droop controller helps to 
adjust the WTG's generation power to restore the system 
frequency within the normal operation range during the WTG's 
primary frequency control. 

To generate more power for primary frequency control 
when there is a sudden increase in load demand, the WTG 
cannot operate in the Maximum Power Point (MPP) mode but 
needs to be deloaded to reserve a certain amount of power. 
Therefore, the pitch controller will enter the stage of deloading 
power from the WTG by mechanical power. The power system 
with high participation of WTG should apply this control 
method to get a good response to frequency disturbances. 
Therefore, the WTG's dynamic frequency control strategy 
applied in this study was based on VIC combined with the 
pitch angle deload control method. The control diagram is 
shown in Figure 1 of [16]. The parameters used in the primary 
frequency controller are: ∆f and ∆β are the frequency and pitch 
angle deviations respectively, Ηω is the equivalent inertia time 
constant of the WTG, Pe, Te, and Tm are the wind turbine’s 
active output power, electrical, and mechanical torque 
respectively, kb is the gain constant of the pitch controller, kω is 
the proportional gain, and Rω is the droop constant. 

A. Frequency Regulation Using Droop and Virtual Inertia 

Control 

The additional electrical power control signal combined 
with the droop controller is expressed as: 

Δ������ = −
 �
�� + ����Δ����    (1) 

B. The Pitch Angle-based Deloaded Control for WTGs 

When deloading is neglected, WTG operates in the MPP 
mode with the mechanical and electromagnetic torque 
expressed as: 

�� = ������
�     (2) 

�� = ����    (3) 
where Cp is the optimal power coefficient of the turbine 
depending on wind speed, rotor speed, and blade angle and kp 
is the factor representing the maximum generating power at the 
rated condition. The deloaded power of the WTG is 

accomplished by setting the blade angle β to a nonzero value, 
depending on the desired amount of power for reservation. And 
with the pitch angle-based deload controller, the blade angle 
will be regulated according to the frequency deviation [16]. 

III. FREQUENCY RESPONSE REPRESENTATION OF THE HIGH-
INTEGRATED WIND ENERGY POWER SYSTEM 

This section elaborates the system frequency response 
representation of the control method to evaluate the model's 
efficiency and determine the shedding power in the secondary 
frequency control. Using small-signal analysis, the reordered 
dynamic model of WTGs is presented as a small-signal linear 
transfer function. A modified FR model for a high-integrated 
wind energy power system will be obtained and the frequency 
response features will be evaluated. In addition, the stability of 
the closed-loop control system will be analyzed. 

A. Dynamic Transfer Function of the WTG 

The electromagnetic power Pe of the WTG is regulated 
through the primary controller (virtual inertia and droop 
controllers), while the mechanical power Pm is regulated by the 
pitch angle controller [16]. The total change of electromagnetic 
torque according to the frequency deviation using these control 
methods can be written as:  

Δ����� = −� ������ 
� !Δ���� + 2���Δ����    (4) 

Using a small signal stability analysis and the linearization 
method, the change in mechanical torque ∆Tm due to the 
frequency deviation Δf and wind speed variation Δv can be 
given as: 

#����� = $%&
$' #���� + $%&

$( #)��� + $%&
$� #���� 

= ���*�+�,
� #���� + -.���/0 12��

� − ���3��4012
� 5#)��� 

+����67�
� −��7.89: �'�� !#���� 

(5) 

where �� = $��
$4 	and �< = $��

$<  will be considered constant in 

this study, based on the dynamic power characteristic of the 
turbines. The swing equation in the frequency domain is: 

2=��Δ���� = Δ����� − Δ�����    (6) 
Joining (2), (3), and (4), the correlation relating the change 

of output power to frequency fluctuation can be expressed as: 

Δ����� = 6
> ��Δ)��� − ?� ��?� �?@

> �� Δ����    (7) 
where: 

A =
�B���

C�
��,�(,�/0 12D�E�(�   

F = ����,(�G.�/0 12D�E4012H
��,�(,�/0 12D�E�(�   

I� =
�B���C�C�

��,�(,�/0 12D�E�(�     (8) 
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B. The Modified FR Model for High-Integrated Wind Energy 

Power System 

A widely used FR model was developed in [17] for a 
traditional power system, focusing on the response of 
thermoelectric generators. However, with the highly integrated 
large-scale wind energy into the power system and with the 
different characteristics from traditional generators, this FR 
model cannot be applied in this study. Based on the 
combination of the WTG’s de-ordered dynamic model in (7) 
and the model proposed in [17], the modified FR model for 
high-integrated wind energy power systems was derived and is 
shown in Figure 1. The model in Figure 1 was applied to the 
system containing conventional and wind power generators. 
Therefore, the parameters of the model were modified using 
the equalization method presented in Section IV. TR is the time 
constant, FH is the generating power fraction of the 
thermoelectric generator, R is the characteristic constant of the 
governor (droop control), H is the system equivalent inertia 
time constant, D is the self-regulation coefficient of the load, 
and α is the participation factor of wind energy in the power 
system. 

 

 
Fig. 1.  The modified FR model for high-integrated wind energy power 

systems. 

The input signals of the modified FR model are the 
fluctuations in load demand ∆PL and in wind speed Δv, where 
the frequency variation Δf is the output of the proposed model. 
As seen in Figure 1, the modified FR output signal is 
influenced by the variation in both power demand and wind 
speed. In this study, the total power of the system is constant, 
and WTGs connected to the power grid are converted to the 
single-machine model. The superposition principle was used to 
analyze the impact of each input disturbance on the frequency 
variation of the system [18]. More specifically, when assessing 
the influence caused by the change in load demand to the 
frequency, the wind speed will be set as constant, and vice 
versa when evaluating the effect of wind speed variation. The 
transfer function of frequency deviation to fluctuations in load 

and wind speed for the high-integrated wind energy power 
system is: 

Δ���� � KL9M  6
> ��
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 N O� ��O� �O@

P, ,�P� ��P� �P@
    (9) 
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(10) 

where ∆Pd and ∆vd represent the disturbances in load demand 
and wind speed per unit. According to the initial/final value 
theory, the Initial Rate of Change of Frequency (IRCF) and the 
Steady-State Frequency Deviation (SSFD) of the system are 
obtained by: 

\[8] = ^_`abJc
S#��d�

Sd = ^_` b�∞��#���� 
= ∆�P Q�S�

= #�PT�� + 2�1 	 T�= 
(11) 

ee]V � ^_`
ab�∞

#��d� = ^_` bJc�#���� 
= �#�P + F#)P� QJSJ

f 
= #�P + F#)P�1 − T�V + �1 − T�/[ + TIJ

 

(12) 

 

The results from (11) and (12) were used to evaluate the 
frequency controllability of the power system with high wind 
energy penetration under disturbance conditions. The natural 
response of the system against disturbances can be defined as 
the primary control process of the system. The SSFD value will 
be the basis to decide whether or not to perform load shedding 
to stabilize the frequency within an allowable range. 

IV. EQUIVALENT CONVERSION OF SYSTEM'S PARAMETERS 

A. Equivalent Wind Power Generators Model 

The uncertainty of wind power sources due to their 
dependence on weather and geometric conditions, as wind 
farms consist of many turbines, causes each turbine to behave 
inconsistently, leading to changes in the total generating power 
and the parameters of the whole wind farm. Therefore, having 
an equivalent conversion model of all or a part of the wind 
farm is essential to create homogeneity among the generating 
sources and to obtain the equivalent parameters used for the 
modified FR model. The method of equivalent transform 
proposed in [19] helps converting the wind farm into a single-
generator model. The advantage of this method is that due to its 
simple implementation and equivalent model, it can be applied 
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to many problems. In addition, the equivalence method 
converts the wind farm into multiple generators and helps 
improving accuracy. A detailed equivalence method was 
proposed in [20] to analyze the location and wind speed data of 
each turbine to develop the wind farm model. The accuracy of 
the equivalent model is further enhanced by updating the data 
values. Due to the objective of this study, the equivalent 
method of a single-generator model will be used for simplicity. 

B. Equivalence Method for System Parameters 

To evaluate the system's frequency response to disturbances 
using the modified FR model, the parameters of a classical 
power plant such as the inertia time constant H and the self-
regulating coefficient D are needed. The equivalence 
procedures of the parameters of a power system considering 
wind power sources were presented in [21] and are applied as: 

=�gh = ∑ jkl+,knk
∑ l+,knk = ∑ jkl+,knk

loo      (13) 

where Hequ and Hi are the equivalent and individual inertia time 
constants, Stt is the total apparent power of the system, Sb,i is the 
apparent power of the individual conventional generator, and n 
is the total conventional generating units. If m conventional 
generating units are replaced by WTGs with an equivalent 
amount of power, the system's inertia time constant is given as: 

=p�gh = ∑ jkl+,knq&k
∑ l+,k�lrstnq&k = �1 − T)=�gh     (14) 

V. DETERMINING MINIMUM LOAD SHEDDING POWER 

Α generator failure or severed load disturbance in a high-
integrated wind energy power system causes an imbalance 
between generating power and load demand leading to a 
frequency deviation. In this case, the modified FR model 
shown in Figure 1 defines the response of the system, the initial 
rate of frequency change is calculated by (11), and the 
frequency deviation of the new steady state is calculated by 
(12). The normal operation of the power system frequency is 
∆fallow=±0.5% [22-23]. For the case of disturbances decreasing 
frequency, when the system returns to a new steady-state with 
SSFD less than -0.5%, the second frequency control must be 
enabled by the TSOs to elaborate maximum power injected 
into the grid to restore the frequency into normal limits. If the 
frequency does not return to normal limits, through secondary 
control actions, load shedding must be deployed to prevent 
system blackouts. Modifying (12) to restore the frequency 
deviation within normal limits, the maximum power for the 
secondary control stage and the minimum power for load 
shedding can be derived as: 

#�?uuvw = �x9M�x9y13znM{0|	3zno0z}	&{~D9��	&kn��6∆�M
��DX�����DX�/��X?@     (15) 

where ∆Psecondary control max is the maximum power available for 
secondary control. The minimum power for load shedding is 
given as: 

��l	min = #�P − #�secondary	control	�?�   
−∆�?uuvw K�1 − T)V + �DX

� +TIJN  
   (16) 

VI. DISTRIBUTION POWER METHOD FOR LOAD SHEDDING 

The VED method can be elaborated by the following steps 
[24-27]. 

• Step 1: Convert all buses to load buses (change all PV 
buses into PQ buses). 

• Step 2: Determine [��/��] in all buses. This inverse 
of the Jacobian matrix indicates the relationship 
between the reactive power injection at one bus to the 
voltage variation of the neighboring buses as follows: 

#�� = −[���/���]#�� = −���D�#��    (17) 
where, ���D� is the sensitivity matrix [���/���]. 
• Step 3: Calculate T��  using the sensitivity matrix in 

Step 2. Then the voltage variation relationship between 
bus i and bus j is given as: 

#�� = [���D�/���D�]#�� = T��#��    (18) 
where, T�� is defined as [���D�/���D�]. 
• Step 4: Calculate the VED using the cross product of T���T�� × T��� which is reflected by the symmetrical 

distance: 

V��_, �� = V���, _� = −���GTij × T��H    (19) 
where, T��  is defined as[���D�/���D�]. 
The load shedding power is then given as [21]: 

��l� =
��,1�
��,&k

. ��l��O    (20) 

where PLSi is the shedding power needed at bus i (MW), 
PLSmin is the minimum power for optimal load shedding 
(MW), DVmi is the VED value of the corresponding load bus 
i to the fault bus, and DV,eq is the equivalent VED value of 
all load buses to the fault bus. 

In addition, the physical-electrical relationship of the buses 
in the system is presented by the VED values. Equation (17) 
shows that the closer the distance, the smaller the DV or the 
larger the T�� is. On the other hand, (16) evaluates the voltage 

interactions between buses i and j, with a higher value of T�� 
the voltage attenuation is more severe at bus i when a 
disturbance occurs at bus j. Thus, when a disturbance occurs 
such as tripping of a generator unit, the amplitude of the 
voltage fluctuation near this generator is large, leading to an 
attenuation voltage at nodes with increasing in VED. To ensure 
that the voltage profile returns to its stability margin, the load 
shedding power at each bus can be determined on the principle 
that the smaller the VED, the larger the load shedding power is 
and vice versa. With:  DV(k,1) < DV(k,2) < DV(k,3) < …< DV(k,n), the 
priority in load shedding is: Load 1� Load 2� Load 3� … 
� Load n. 

VII. CASE STUDY AND SIMULATION RESULTS 

The IEEE 37-bus test system consists of 8 conventional 
generators and an equivalent capacity wind farm replacing the 
generator on bus No.28 with the name ELM345#1 to maintain 
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power balance. This system was used to evaluate the suggested 
method. The single-line diagram of the system is shown in 
Figure 2, where the total load capacity is 1032MW. The ratio 

of wind power to the total system capacity is 15% (α=0.15). 
Table I presents the parameters of conventional generators. 

 

 
Fig. 2.  The IEEE 37-Bus test system with modified wind power generator model used in the simulation. 

TABLE I.  PARAMETERS OF THE CONVENTIONAL GENERATORS 

Bus 

No. 
Bus name 

H 

(s) 
D 

Min 

MW 

Max 

MW 

Min 

Mvar 

Max 

Mvar 

14 REDBUD69 1.328 0.848 10 35 0 5 

28 ELM345#2 11.16 3.384 0 150 -60 60 

31 SLACK345 18.75 6.5 0 220 -90 120 

44 PEACH69 4.352 2.72 0 150 -20 40 

48 CEDAR69 1.71 1.197 16 52 -14 26 

50 BIRCH69 3.4 0.7905 38 80 -18 33 

53 PEAR138 9.3 2.175 22 140 0 45 

54 PEAR69 4.6 2.5645 15 110 -20 60 

TABLE II.  EQUIVALENT PARAMETERS OF THE WIND POWER PLANT 

WTG 
Hw = 3 kw = 0.2 Rw = 0.05 kp = 0.73 

α = 0.15 kb = 250 kc = 0.0771 kβ = -0.1422 

TABLE III.  CLASSICAL POWER SYSTEM PARAMETERS 

Classical power system R = 0.05 D = 1 TR = 7 FH = 0.3 

The parameters of the equivalent converting model of the 
wind power plant are shown in Table II. The disturbance factor 

used in the simulation is the sudden tripping of generator 
ELM345#2 at bus 28, which equals 14% of total power 
capacity (ΔPu = 0.14pu) and neglects the disturbance factor 
from wind speed variation (Δv = 0). Using (14), the equivalent 
system inertia time constant was H = 4.60849. Table III 
presents the other parameters of the traditional power system. 
The modified FR model was used to analyze the frequency 
response of the system. The initial rate of frequency change 
and the steady-state frequency deviation can be obtained from 
(11) and (12). The simulation result of the system frequency 
variation is shown in Figure 3. 

\[8] = J.�¡
J.�¢×J.�����DJ.�¢�×¡.£J¤¡¥ = 0.0178©ª = 1.068Hz  
ee]V = J.�¡

��DJ.�¢�×���q@.�®
@.@® �J.�¢×�¥.¥�£¢  

 = 0.0067©ª = 0.4031Hz   
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Fig. 3.  The system frequency after the response of the FR modifies the 

model and performs secondary control. 

The maximum power of the secondary control depends on 
the generator’s capability to inject additional power into the 
system. After the primary frequency control of the system 
applies the modified FR model, the additional power that can 
be transmitted to the system from each generating unit is shown 
in Table IV. 

TABLE IV.  THE CAPABILITY OF GENERATORS IN SECONDARY 

FREQUENCY CONTROL 

Bus No. Bus name Status 
Available power for 

secondary control (MW) 

14 REDBUD69 Closed 17.05 

28 ELM345-1 Closed 0 

28 ELM345-2 Closed 0 

31 SLACK345 Closed 0 

44 PEACH69 Closed 0 

48 CEDAR69 Closed 0 

50 BIRCH69 Closed 0 

53 PEAR138 Opened 0 

54 PEAR69 Closed 0 

 

Using (16), the minimum shedding power to restore the 
frequency within normal operating limits is calculated as: 

��l min + Δ�secondary control �?� �  

0.14	 J..
£J K�1 	 0.15� � 1  �DJ.�¢

J.J¢  0.15 � 19.9165N  
�	0.0358	pu	�	36.96	MW		

��l	min � 36.96	-	∆�secondary	control	�?� � 36.96	 17.05
� 19.91MW 

Applying the optimum load-shedding power distribution 
method, the voltage electrical distance values from the load 
buses to the bus containing the fault generator ELM345#2 are 
shown in Figure 4. The shedding power at each load bus is 
shown in Table V. 

The Under-Frequency Load Shedding (UFLS) relay method 
[28] was employed to evaluate the effectiveness of the 

proposed method. According to [28], with an initial frequency 
change rate of 1.068Hz, the total load shedding capacity will be 
9% of the entire system, corresponding to 92.88MW shedding 
power. Figure 6 presents a comparison chart of the frequency 
response between the conventional and the proposed method. 
The results show that the UFLS method has a better recovery 
frequency of 59.84Hz, while the proposed method has a 
recovery frequency of 59.7Hz. However, the shedding power 
of the UFLS method is higher than 72.97MW, which increases 
cost. This is an advantage of the proposed shedding method. 

 

 
Fig. 4.  The VED from ELM345#2 generator to load buses. 

TABLE V.  SHEDDING POWER AT EACH LOAD BUS DISTRIBUTED 

ACCORDING TO VOLTAGE DISTANCE 

Bus No. Load shedding power (MW) 

3 0.854823 

5 0.761556 

10 0.589216 

12 0.74109 

13 0.539807 

14 0.824023 

15 0.707635 

16 0.681851 

17 0.600648 

18 0.695548 

19 0.567426 

20 0.805271 

21 0.600106 

24 0.732919 

27 0.676369 

30 1.340028 

33 1.024133 

34 0.800958 

37 0.67662 

44 1.009286 

48 0.640163 

50 0.847997 

53 0.645239 

54 0.696382 

55 0.557964 

56 1.292943 

Total 19.91 

 

Figure 6 shows a comparison of the voltage magnitude with 
and without the use of the proposed shedding method. The 
results show that the steady-state voltage in load shedding is 
higher than without load shedding. This improvement in 
voltage magnitude comes from the amount of load power 
removed from the system. In addition, the suggested method of 
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distributing the shedding power to the load buses gives more 
selectivity than the UFLS because it is based on the VED of the 
fault bus to the load buses. 

 

 
Fig. 5.  The recovery frequency of the system after performing load 

shedding according to the proposed and the UFLS method. 

 
Fig. 6.  Voltage comparison with load shedding based on the proposed 

method and no load shedding at Bus PINE69. 

VIII. CONCLUSION 

Applying the modified FR model to a high-integrated wind 
energy power system demonstrated the system's frequency 
response when interference occurs and proved its effectiveness. 
This model is suitable for a traditional power system 
increasingly integrated with renewable energy sources. The 
calculation of the minimum load shedding power considering 
the modified FR model and the system's secondary frequency 
control helped reduce power for load shedding and restore 
frequency to the normal operation range, lessening the impact 
caused by load shedding. This demonstrates the feasibility of 
controlling a traditional power system with the integration of 
renewable energy sources. The VED method was applied to 
distribute the shedding power to the load buses, making load 
shedding more selective and providing a fast recovery in the 
system frequency. The effectiveness of the proposed method 

was evaluated through simulation on the IEEE 37-bus test 
system with a modified wind power generator. In the future, 
optimization issues for load shedding in high-integrated wind 
energy power systems considering costs of power generation 
and penalty charges from load shedding will be studied, 
optimization algorithms will be applied, and the rank of priority 
of the loads will also be taken into account. 
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Abstract-The Floating Solar Photovoltaic (FSPV) system is an 

emerging solar PV installation, gaining traction primarily due to 

its distinct advantages over other forms of installations. FSPV 

mainly solves the problem when land area is scarce and the 

power plant capacity is on the megawatt (MW) scale. This paper 

investigates the resource potential of FSPV, specifically in Lake 
Mainit, Caraga Region, Philippines. This study implemented a 

descriptive research design to identify the resources needed to 

implement an FSPV system in the said lake. The Lake Mainit 

area can generate 762.96MWh per year. Accounting for the needs 

of the community, the resources needed to put up the FSPV 

should satisfy the 35,640Whr daily energy requirement of the 

community. Based on the analysis, the computed FSPV system 
size is 9.90kWp. The components required to implement an 

Artificial Intelligence (AI) integrated monitoring and data 

processing system for fault diagnosis and detection to help 

mitigate impact to the FSPV system with the undesirable weather 

conditions were also identified. 

Keywords-floating solar photovoltaic system; renewable energy; 

artificial intelligence; machine learning 

I. INTRODUCTION  

Carbon dioxide (CO2) emissions are a global environmental 
issue. CO2 is one of the three Green House Gases (GHGs) that 
have increased in the atmosphere since pre-industrial times and 
is verified to be one of the leading causes of climate change [1-
7]. Many developing countries, like Philippines, are highly 
vulnerable to climate change [8-9]. The signing of the Paris 
Agreement, in particular, paved the way for the countries' 
determined effort to reduce CO2 and other GHGs by scaling up 
the use of Renewable Energy Sources (RESs) in order to 
mitigate the impact of climate change [10]. RESs are 
considered clean, produce minimal waste, and are considered 
sustainable [11]. RESs, like the solar photovoltaic (PV) 
systems, are regarded as a solution in mitigating CO2 and other 
GHGs, thereby reducing global warming and slowing down the 
impact of climate change [12]. The global capacity for RESs 
significantly increased the last few years, with more than 

260GW capacity added in 2020 alone despite the covid-19 
pandemic. At the end of 2020, a total of 714GW of capacity 
were deployed by various countries through the use of solar PV 
systems as the third-highest RES installed after hydropower 
(1.211GW) and wind (733GW) [13]. There 5 five types of 
solar PV installations[14], as shown in Figure 1.  

 

 
Fig. 1.  Classification of solar installations. 

The ground-mounted system is commonly adopted by 
large-scale or utility-scale installations and generally performs 
as a power plant [15]. This type of installation is generally in 
the Mega-Watt-peak (MWp) capacity scale. At the same time, 
rooftop installations are commonly used by households or 
commercial buildings with small to medium capacity scale. 
Households typically install one 1kWp systems and no more 
than 20kWp systems, depending on the energy requirements. 
Commercial buildings often exceed 100kW or more in capacity 
[16]. There are also installations wherein solar PV panels are 
typically mounted over a canal or irrigation system. The oceans 
are vastly available and attractive for solar PV installations, and 
there offshore installation is coming in. Offshore installations 
have a full view of the sun with no problems in shading that 
would affect the system's efficiency [16]. However, offshore 
installations are exposed to higher risks in terms of higher-level 
waves or even tidal waves [17]. 
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A. Floating Solar Photovoltaic (FSPV) Systems 

The floating type of installation is a newer concept gaining 
traction and is considered an emerging technology in 
renewable energy [14, 18-21]. FSPV is a solar application, in 
which PV panels are designed and installed to float on water 
bodies [18]. FSPV systems are commonly deployed in 
hydroelectric reservoirs [19, 21] and irrigation dams [22, 23], 
including abandoned depleted mines [24-26]. In FSPV, solar 
panels are usually mounted upon a pontoon-based floating 
structure to keep its location fixed, and the floating system is 
anchored and moored [27]. The use of FSPV protects 
productive lands and prevents the conversion of agricultural 
land to solar farms [20, 28]. Unlike the ground-mounted 
system, the FSPV currently has no commercial deployments 
but is primarily used in demonstrator projects deployed in 
various countries [29], including Philippines [30]. The research 
and development activities of FSPVs gained interest during the 
last decade due to benefits other from providing clean energy. 
FSPV has several advantages over the traditional land-based 
solar PV systems. Among these benefits are [19, 21, 39, 32, 
33]: economic viability due to reduced real-estate costs, the 
cooling effect of water which improves the energy yield on the 
FSPV system, the shading provided by the FSPV panels on the 
water reduces the rate of evaporation and improves water 
quality by lowering algae growth, and the lesser accumulation 
of dust on the panel arrays as the surrounding environment of 
water surfaces contains less dust than land. 

B. Artificial Intelligence (AI) Applications in Renewable 
Energy Systems 

Several studies have been conducted on AI in RESs and 
specifically in solar PVs [34-36]. Authors in [36] presented two 
of the most innovative AI algorithms for cost-effectiveness, 
software appropriateness, accuracy, and viability of 
instantaneous applications. It was established from the research 
that the application of AI and IoT for Fault Detection and 
Diagnosis (FDD), using cost-effective hardware and chips, is 
technically and economically viable in solar PV plants situated 
in far-flung areas faced with maintenance accessibility issues. 
AI applications and IoT implementations use data loggers and 
monitoring systems to collect data and implement fault 
detection algorithms to check the PV plant performance. These 
methods are often used for PV systems with a few kW to 
hundreds of MWs [37]. However, a large dataset is being used 
(measured currents, voltages, solar irradiance, infrared or 
electro-luminance images) in order to identify and diagnose 
faults [37]. 

In this paper, the authors intend to identify the resources 
needed to implement these data loggers to monitor and 
automate system operation of an FSPV system. The FSPV 
system is potentially exposed to environmental events such as 
typhoons, water level raises, and flooding. With the application 
of AI algorithms and monitoring systems, the problems are 
minimized. 

II. BRIEF BACKGROUND OF THE PHILIPPINE LAKES 

The Philippines is home to over a hundred freshwater lakes 
of various sizes, from a few hundred to a thousand hectares. 
The lakes in the country have a total area of more than 200 

thousand hectares. These lakes are known to be of particular 
use to the nearby communities due to their economic 
contributions, specifically in fishing activities [38]. Table I 
shows the top 5 lakes in terms of area. The Lakes Lanao, Taal, 
and Laguna de Bay, the latter in particular, are the most 
popular lakes due to, among others, their domestic and 
aquaculture uses. These lakes have the potential for FSPV 
implementation. 

TABLE I.  FIVE BIGGEST LAKES IN THE PHILIPPINES  

Name of the lake Location Area (ha) 

Laguna de Bay Cavite, Laguna, Rizal &Quezon 93,000 

Lanao Lanao del Sur 34,000 

Taal Batangas 23,420 

Mainit Agusan del Norte, Surigao del Norte 17,340 

Naujan Oriental Mindoro 8,125 

 

A. Status of FSPV in Philippines and Objectives of this Study 

In Philippines, FSPVs are very much unexplored. There are 
very limited investigations or research and development 
activities related to the FSPVs in the country, especially from 
Higher Education Institutions (HEIs). There are no reports, 
documents or journal articles that can be found in highly 
regarded journals or in conference proceedings related to the 
FSPV development in the country, when prior searches were 
conducted. There are no existing reports on FSPV systems 
made known to the proponents from other HEIs. This paper 
explored the FSPV potential from an academic point of view. 
This paper provides pioneer and preliminary information 
regarding the consideration of FSPV placement in the local 
lakes. The main objective of this paper is to explore and 
determine the resources needed to implement an FSPV system 
integrated with AI applications to automate its operation. The 
specific objectives of this study were to determine and identify 
the potential of FSPV system implementation in Lake Mainit in 
the Caraga Region, Philippines. This study investigated the 
needs of a specific community in terms of adopting the FSPV 
system. The data collected from the community served as a 
baseline for consideration of the resources needed for the 
establishment of the FSPV system. This study explored and 
investigated the solar PV potential in the target location with 
the attainment of solar irradiance and solar power output that 
served as input data to determine the resources required for the 
FSPV System. The components (i.e. IoT devices, 
microcontrollers, etc.) that will act as devices to implement the 
AI application aspect of the operations of the FSPV were 
determined. 

III. METHODOLOGY 

This paper employed a descriptive research design. A 
desktop study was accomplished to identify the prior available 
information relevant to this particular investigation (Figure 2). 
Data collection for the potential resources needed consisted of 
field visits with officials and dialogue with the community 
representatives, and initial assessments of the prospective area.  

A literature review of the relevant studies was conducted. 
The use of available maps and information from relevant 
websites was performed to identify the potential location of the 
study site and the geographic characteristics of the area. This 
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part of the methodology was carried out to determine the latest 
available data on PV power potential, global horizontal 
radiation, and direct normal radiation. Analysis was performed 
to determine the potential system sizing and the needed 
components, based on the possible resources available for the 
FSPV system and the requirements for an AI-integrated 
system. 

 

 
Fig. 2.  The methodology of this study consists of a desktop study, data 

gathering, and analysis. 

IV. ASSESSMENT RESULTS AND DISCUSSION 

A. Site Identification and Field Assessment 

Pre-assessment was conducted to determine the most viable 
lake for the conduct of the study based on location, potential, 
and viability. The lead author of this study is a professor at 
Caraga State University, Butuan City in the Philippines. The 
most viable lake which the lead author is closest to is Lake 
Mainit in the northeast of Mindanao. Lake Mainit is the 4th 
largest lake and is considered the deepest in the country [38]. It 
is home to several communities with their livelihoods 
depended on fishing activities. It is bounded by the 
municipalities of Jabonga and Kitcharao in Agusan del Norte 
and the municipalities of Mainit and Alegria in Surigao del 
Norte. The target location for the FSPV is in the control of 
Barangay San Roque, Jabonga, Agusan del Norte (with 
coordinates: 9.3754141,125.5549301). The authors surveyed 
the area for potential locations of the proposed implementation 
site. With prior cooperation with the Local Government Unit 
(LGU) in Jabonga, Agusan del Norte on other projects, the 
authors were referred to the fishing village with concerns about 
the high cost of battery charging. The authors met with the 
representatives of the fishers and some officials of San Roque 
in Jabonga, where the village is located along Lake Mainit. 
Consultations for the proposed project were carried out to 
correctly identify problems with the local community and have 
a shared understanding and acceptability. This is a part of the 
design thinking methodology wherein end-users are considered 
when innovations and technologies are developed to ensure 
that the solutions provide impact to the project users. 

As per field inspection and consultations, 110 fishers with 
their family members in Barangay San Roque in Jabonga, 
Agusan del Norte, Philippines live below the poverty line and 
rely on their overnight fish catch at Lake Mainit. The fishers in 
this area use basic lighting systems consisting of 12V-100Ah 
batteries and 12V led bulbs that absorb a significant chunk of 
their annual income. The fishers had to charge their batteries 
during daytime to use them on their nighttime work. According 
to them, this would incur further costs at Php50 a day 

(USD1.00) to charge the batteries using the electrical power 
from the electricity grid, spending about 1/6 to 1/4 of their 
daily income depending on the previous night's harvest. This 
would translate to Php1,500.00 (USD30.00) per month, maybe 
enough to buy one sack of rice for a family of five for their 
one-month consumption. 

B. Solar Photovoltaic Power Potential, Global Horizontal 

Radiation, and Direct Normal Radiation 

The sun is the most abundant source of energy available on 
earth. The sun's power output is known as solar radiation, or as 
emission. A common term in solar power is irradiation, and it 
is defined as the radiation delivered to a given surface area at 
any given time. Solar irradiance is the measurement of the sun's 
radiation and is expressed in W/m2. The Philippines is well-
positioned to maximize its potential in solar energy due to its 
geography. The solar radiation for the country was pegged at 
161.7W/m

2
 on average per day in 2013 based on the duration 

of the sunlight as provided by the report of the National 
Renewable Energy Laboratory and the country's Department of 
Energy in 2013. Recently, Solargis released and updated, on 
October 2019, a massive collection of solar resource maps for 
over 140 countries to assist the solar industry in further 
development and implementation of solar-related projects. The 
countries with available maps include the Philippines [39]. The 
data collected by Solargis are much more recent, covering dates 
from 2007 to 2018. Solargis methodology uses data inputs 
from geostationary satellites and meteorological models to 
develop the maps. Based on these recent data, the year-round 
average global horizontal irradiance in Lake Mainit of Jabonga, 
Agusan del Norte is at 4.4kWhr/m

2
. The solar PV power 

potential is at 3.6kWhr/kWp. These figures will be used in 
estimating the size of the FSPV system and the resource 
potential of the lake to produce solar energy. If the entire Lake 
Mainit is covered with solar PV systems, the potential energy 
that can be generated from the available area will reach 
762.96MWh. For practical purposes, the authors intend to 
identify the specific resources based on the capacity of the 
FSPV system and primarily on the energy consumption 
requirements of the fishing village. 

C. Resource Analysis for the FSPV System and Battery 

Storage based on the Potential Resources 

Every fisher in Barangay San Roque uses one 100Ah 
battery and three 9W-12V DC LED bulbs to last overnight. For 
the 110 fishers, the total battery storage requirement is 2200Ah 
and 330 pieces of 9 W-12 V DC LED bulbs. These figures are 
significant in determining the minimum size of the battery 
storage and charging capacity and the FSPV system. Each day, 
the FSPV system needs to respond to the requirement of 27W 
multiplied by 110 fishers as the required capacity. The batteries 
are assumed to be used for 12h (from sundown to sunrise). 
With this figure, the resources needed to put up the FSPV 
should satisfy the 35,640Whr daily energy requirement. Using 
the solar PV power potential data at 3.6kWhr/kWp, we can 
solve the system size, which is 35,640Whr divided by 
3.6kWhr/kWp. This would give us an FSPV system size of 
9.90kWp. Theoretically, the 12V-100Ah battery can last 
44.44h or around 3 days of use. The requirement to charge the 
battery based on the consumption of a 27W bulb in 12h (6 PM-
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6 AM) is 324Wh per day. The total capacity needed from 
324Wh times the number of fishers gives us a 35,640Wh 
energy requirement to be supplied by the FSPV system each 
day. In battery storage, the capacity requirement is 35,640Wh 
divided by 12V which gives 2,970Ah or an equivalent of 
29.7(~30) units of 100Ah batteries. In order to address the 
community's needs, the FSPV system size should be at 
9.90kWp and 30 units of 100Ah batteries. The 9.90kWp 
system can be rounded off to 10kWp and can be divided into 
two arrays of 5kWp. This 10kWp FSPV system requires two 
power inverters rated at 5,000W. For solar panels, there are 
various sizes in the market available, from 160Wp to 670Wp. 
Twenty 500Wp solar panels are the expected rating for the 
10kWp system. 

D. Resource Identification 

The FSPV system with AI applications requires the 
essential components to implement a solar PV power plant. 

Figure 3 shows the block diagram for the FSPV system 
comprising of: (1) the floating solar plant, (2) the combiner 
box, (3) a power inverter, (4) the data acquisition and wireless 
transmission unit, (5) battery bank or storage, and (6) the data 
receiving monitoring and supervision unit. The critical 
components for the AI applications include the sensors that 
shall be applied to acquire the data coming from the floating 
PV plant. In Figure 4 we see the block diagram concerning the 
sensed data to be processed and analyzed using machine 
learning to identify faults and diagnose electrical problems in 
the system. The components needed comprise current, voltage, 
wind speed, air temperature, relative humidity, and wave 
sensors. For this specific implementation of a 10kWp FSPV 
system broken down into 2 PV arrays at 5kWp each, there will 
be 2 sensors for the current and voltage to monitor the arrays. 

 

 
Fig. 3.  The block diagram for the FSPV system with AI application. 

 
Fig. 4.  Block diagram for the AI applications using machine learning on the diagnosis and fault detection of the FSPV system. 

The use of microcontrollers and wireless devices enables 
the system to collect data coming from the sensors and be 
transmitted via SMS using the current telecommunication 
infrastructure. The data from the PV plant and battery storage 
shall be collected from the Data Receiving, Monitoring, and 
Supervision (DRMS) unit at a remote location, specifically in 
the site where the researchers are based. The AI techniques are 
implemented at the DRMS unit to monitor, detect and diagnose 
any faults in the FSPV system and implement the actions 
necessary to prevent harm when the conditions at the FSPV site 
are undesirable (i.e. strong wind conditions leading to 
undesired wave levels). The AI components monitor the 
current and voltage outputs of the two PV arrays including data 
such as wind speed, wave level, and temperature. Various 
devices are available to carry out these functions. Most data 
processing and diagnosis detection tools can be carried out by 
high-powered computing machinery available currently in the 

research laboratory or in the university's R&D center called 
High Performing Computing (HPC) Center.  

V. SUMMARY AND CONCLUSIONS 

The motivation behind this paper was to primarily 
investigate and assess the resources available for energy 
conversion in Lake Mainit, Caraga Region, Philippines. 
Assessment was carried out to determine if it is viable to 
implement an FSPV system based on the needs and 
requirements around the lake. While traditionally FSPV 
systems are installed in dams to complement hydroelectric 
power generation and for power generation for the electric grid, 
for this particular case, a community of fishermen was explored 
as recipients for the FSPV system output. Based on the 
findings, the Lake Mainit area has a year-round average global 
horizontal irradiance of 4.4kWhr/m2 and a solar PV power 
potential of 3.6kWh/kWp. If the entire Lake Mainit is covered 
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with solar PVs, the potential energy that can be generated will 
reach 762.96MWh per year. For the fishers' daily requirements, 
the resources needed to put up the FSPV should satisfy the 
35,640Whr daily energy requirement. The FSPV system size 
was computed at 9.90kWp. This is the minimum FSPV system 
size required to provide for the community's needs. 

The resources needed to implement an AI-ready FSPV 
system were also briefly highlighted. The implementation of AI 
using Machine Learning tools to automate the diagnostics and 
fault detection in the system mitigates or prevents misfortunes 
when the FSPV system is deployed. The system requires 
various environmental sensors that cover data gathering on 
wind speed, wave level, temperature, humidity, voltage, and 
currents. These form a part of the bigger data acquisition unit 
installed at the system's location. The data processing and 
machine learning techniques will be executed at the university's 
R&D laboratory. 

Based on this resource assessment and identification of the 
resources needed to put up the FSPV system, there is an 
excellent motivation to pursue the implementation of the FSPV 
system to address the identified needs of community. The solar 
resource potential in Lake Mainit is massive. This study 
provided a preliminary basis for future renewable energy 
system implementation, in the form of FSPV, specifically in 
Lake Mainit, Philippines. 
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Abstract-A bimetallic casting consisting of GG25 gray iron 

substrate and Sn-based alloy using the liquid-solid technique has 

been studied in this paper. Three different pretreatment 

processes of gray iron surface substrates including flux only, flux 

and Sn powder, and flux and Sn-8.8% Zn powder eutectic alloy 

surface treatment were adopted for the aim of improving the 
quality of tinning, the interfacial structure, and the bonding area 

of the Sn-based alloy/gray iron bimetallic composite in order to 

promote the bonding quality of bimetallic castings. 

Microstructure characterization on the bonding interface was 

conducted. The novel tinning material for gray cast iron 

substrate comprising of Sn-8.8% Zn eutectic alloy powder in 

combination with flux interlayer improved the bonding area, the 
interfacial bimetal structure, and the shear stress. This 

improvement is due to the higher interface reaction of Zn with Fe 

that leads to the formation of a very thin layer of Fe-Zn and Fe-
Sn intermetallic phases. 

Keywords-Sn-based alloy; GG25 gray iron; flux; Sn-Zn; 

bimetal; interface 

I. INTRODUCTION 

Nowadays, manufacturing techniques are more focused on 
fabricating materials of superior properties and the facilitation 
of their fabrication techniques. Despite the intensive 
development of cast metal’s structure and properties, the 
possibilities of the existing monometallic alloys are practically 
exhausted for fabricating new materials of superior properties 
[1-3]. Liquid-solid compound casting has been used to 
fabricate different ferrous and nonferrous functionally graded 
materials, and is considered the most economical fabrication 
process, which allows the fabrication of bimetal materials 
directly [4-8]. For bimetallic bearing materials, higher bonding 
strength is still required to meet the industrial application 
demands. More effort on the enhancements of the bimetallic 
composites interfacial structures and bonding area should be 

considered. The tin-based SnSb8Cu3 alloy is one of the most 
common bimetallic bearing materials used in thrust bearings 
with substrate shells. Carbon steel alloys are commonly used as 
shell substrates in liquid-solid compound casting techniques [8-
12]. Although the gray cast iron has unique mechanical 
properties, it has limited applications in the liquid-solid 
compound casting as solid shells due to its free graphite flacks. 
Gray iron is well known as flack graphite iron in which the 
graphite is present in a matrix of ferrite, pearlite, or ferrite-
pearlite. Compared with carbon steel substrates, the relatively 
higher silicon and carbon content, as well as the production 
processing parameters of gray iron, make eutectic graphite 
separate from the molten iron. As solid bimetal shells, grey 
irons have been used in liquid-solid configuration casting [13, 
14]. The interfacial bonding strength of Sn-based alloy/grey 
iron was investigated for bimetal composites fabricated by 
centrifugal casting process in [13]. In addition, Al-Si alloy/grey 
iron bimetallic composite has been fabricated. The optimum 
shear strength was achieved with the assist of hot dipping of 
the solid iron in a Zn–0.2 wt. % Bi melt [14]. 

In the current study, the Sn-Zn eutectic alloy was used due 
to its physical and mechanical properties. The Sn-Zn eutectic 
system is a promising candidate for the replacement of Sn-Pb 
solders due to its melting temperature (198°C), which is very 
close to the Sn-Pb eutectic alloy melting temperature (183°C), 
so it is suitable for electronic components without major 
modifications [15]. In addition, the Sn-8.8% Zn eutectic lower 
melting temperature is favorable and the cost of production is 
relatively low compared with other Sn-Ag and Sn-In soldering 
materials [16]. For the aim of improving the interfacial 
structure and bonding area of Sn-based alloy/gray iron 
bimetallic composite, the gray iron surface substrate is 
prepared using three pretreatment processes. Gray iron surface 
substrates are treated with flux only, flux + Sn powder, and 
flux + powder Sn-8.8% Zn eutectic alloy. The proposed Sn-Zn 
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interlayer of Sn-based alloy/GG25 gray iron bimetallic material 
using the tinning process is considered as an alternative new 
interlayer material designed for fast, easy, high bonding 
interface and low-cost surface improvement of the gray iron 
solid substrate. This newly designed Sn-based alloy/GG25 gray 
iron with Sn-Zn interlayer is more suitable for bimetallic 
materials of flat and horizontal solid substrates. 

II. EXPERIMENTAL WORK 

The Sn-based alloy/GG25 gray iron bimetallic composite 
specimens were prepared using the liquid-solid compound 
casting technique. Sn-8.8% Zn interlayer alloy samples were 
prepared by melting pure Sn (99.97%), and pure Zn (99.95%) 
in graphite crucibles using an electrical muffle furnace. The 
alloys were melted 2 times to ensure uniform mixing of the 
elements. Table I shows the chemical compositions of the Sn-
based alloy and the GG25 gray iron substrate used for the Sn-
based alloy/GG25 gray iron bimetallic composite fabrication. 

TABLE I.  CHEMICAL COMPOSITIONS 

Chemical 

composition 
C Si Mn Cu Pb Sb Sn Fe 

Sn-based 
alloy- ASTM 
B-23- Grade2 

- - - 
3.0-

4.0 

0.0-

0.35 

7.0-

8.0 
Bal - 

G.G 25 gray 
iron substrate 

3.0-

3.25 

1.85-

2.10 

0.4-

0.7 
- - - - Bal. 

 

Gray iron substrate specimens of solid cylindrical shape of 
25.4mm diameter and 5.5mm thickness were cut and ground 
with up to 800 grades emery papers. The specimens were 
tinned with pure Sn and with Sn-8.8% Zn alloy. The direct pre-
tinning process of the gray iron substrate that involves Sn 
powder or Sn-Zn alloy and flux mixture has been explained in 
detail in [17–18]. The current flux is fabricated with a mixture 
of chemicals listed in Table II mixed with the pure tin or Sn-Zn 
powders. The Sn to flux ratio is 1:10 (1g of Sn and 10g of 
flux). The necessity of using flux in the tinning process during 
bimetal fabrication is to remove the oxides for the sake of 
allowing the Sn or Sn-Zn to stick directly to the gray iron 
surface. 

TABLE II.  FLUX CHEMICAL COMPOSITION WT.% ML 

ZnCl2 NaCl2 NH4Cl HCl H2O 

24 gm 6 gm 3gm 1ml 1ml 
 

In order to study the effect of different pretreatments of 
gray iron surface on the quality of tinning, the interfacial 
structure and the bonding area of the Sn-based alloy/gray iron 
bimetal, three groups of specimens were fabricated. 

• The first group of Sn-based alloy/gray iron bimetal was 
produced by pretreated gray iron substrate with flux only.  

• The second group was produced by pretreated gray iron 
substrate with flux + Sn (1g of Sn powder and 8g of flux). 

• The third group was produced by pretreated gray iron 
substrate with flux + Sn -8.8% Zn (1g of Sn-8.8% Zn 
powder,8g of flux). 

During the tinning process, 0.2gm/cm2 of flux and Sn or 
Sn-Zn mixture was distributed on the gray iron shell substrate. 
Then the substrate was placed on a preheated hot plate of 
360

o
C for 3min. After heating, the gray iron was removed from 

the hot plate and the tinned surface as cleaned using a towel 
and tap water and left to cool to room temperature. Sn-based 
alloy with the chemical composition shown in Table I was 
melted on a hotplate at 370

o
C and after 30min the crucible of 

molten metal was removed from the hotplate and was poured 
onto a ceramic mold that contained a preheated (370oC for 
3min) tinned gray iron substrate. The volume of liquid Sn-
based alloy to gray iron substrate ratio was kept to 3:1 for all 
casting groups. 

 

 
Fig. 1.  Sn-based alloy/GG25 gray iron bimetallic casting: (a) gray iron 

substrate after cutting and grinding, (b)-(c) gray iron substrate during tinning 

with a hot plate, (d) gray iron substrates after tinning, (e) inserting the tinned 

gray iron substrate into the ceramic mold, (f) pouring the molten Sn-based 
alloy onto the ceramic mold. 

The microstructure of the Sn-based alloy/gray iron bimetal, 
especially the interfaces region between the alloy and the gray 
iron substrate was examined with an Olympus optical 
microscope with a maximum magnification of 1000X. The 
optical examination was conducted after grinding, polishing, 
and etching with 4% nital to define interlayers, lack of bonding, 
and voids. Measurements of the as-cast specimens of the three 
groups of the Sn-based alloy/gray iron bimetal composites 
were taken.  

III. RESULTS AND DISCUSSION 

A. Macro-and Micro-structures of Base Bimetallic Materials 

Figure 2 shows photographs of the Sn-based alloy/GG25 
gray iron bimetal composite specimens and the cross section of 
the three fabricated specimens. Clear and regular bimetal 
interface for gray iron substrate treated with pure Sn and Sn-
8.8% Zn alloy and an irregular bimetal interface for the gray 
iron substrate treated with flux only were monitored. 

Microstructures of the materials used in the fabrication of 
tin-based alloy/gray cast iron bimetallic composite are shown 
in Figure 3. Figure 3(a) shows the optical microstructure of Sn-
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based alloy revealing Cu6Sn5 and SnSb phases reinforced in the 
solid solution of the Sn matrix. The Cu6Sn5 phase has the shape 
of asterisks. The microstructure of a matrix of solid solution 
with hard-embedded phases of Cu6Sn5 and SnSb make a metal 
matrix composite possessing fatigue-resistant properties [19–
21]. 

 

 
Fig. 2.  (a) Sn-based alloy/GG25 gray iron bimetal composite specimens, 

(b) cross sections of three specimens. 

 
Fig. 3.  Microstructures of (a) tin-based Babbitt alloy and (b) gray cast iron 

substrate, used for preparing the bimetallic casting. 

Previous studies [22–24] reported that the variation in the 
chemical composition of tin-based alloy modifies the 
microstructure. Tin-based alloys containing less than 8% Sb are 
characterized by a solid solution with distributed asterisks and 
needles of Cu6Sn5, copper-rich constituents, and fine 
precipitates of SbSn. On the contrary, the tin-based alloys 
containing greater than 8% Sb exhibit a primary cuboid phase 
of SbSn. The microstructure of Sn-based Babbitt alloy acquired 
in the present study is in good agreement with those available 
in the literature [22–24]. The microstructure of gray cast iron 
substrate (Figure 3(b)) shows the three common phases of 
ferrite, pearlite, and free graphite. The higher percentage of the 
pearlite verifies the Mn and Cu content in the gray cast iron 
chemical composition. 

B. Microstructures of Interfacial Sn-based Alloy/Gray Cast 

Iron Bimetallic Composites 

The microstructures of the interfaces of bimetallic 
composites containing tin-based alloy/gray cast iron substrate 
with different surface pre-treatments of gray cast iron solid 
substrates are shown in Figure 4. Visual observation of the 
interfacial microstructures of the bimetallic interface fabricated 
using flux only shows poor bonding between the two metallic 
parts (Figure 4(a)). Some small voids were observed in the 
interface area of bimetal composites fabricated using flux + Sn 
interlayer (Figure 4(b)). A uniform interfacial bonding free of 
defects is observed in bimetallic composites fabricated using 
flux + Sn- 8.8% Zn alloy (Figure 4(c)). Tin-based alloy/gray 
cast iron composites fabricated with flux + Sn-8.8% Zn alloy 
revealed a good quality of interfacial bonding compared with 
other previous gray cast iron pre-treatment conditions. Figure 5 
shows the interfacial bonded areas of the three fabricated Sn-
based alloy/ gray cast iron bimetallic composites with three 
different surface pre-treatments of gray cast iron solid 
substrate. It can be seen that substrate treated with flux only has 
the lowest value, while the substrate treated with flux + Sn 
shows comparable results. Gray cast iron substrate treated with 
flux + Sn-8.8% Zn exhibited a comparatively higher value. 
Both FeSn2 and FeSn Intermetallic Compounds (IMCs) could 
be formed in temperatures ranging from 300 to 500°C. Fe-Zn 
coating grows because of a rather complicated process of 
atomic diffusion of both metals with the formation of 
elementary intermetallic bonds and subsequent phase 
transformations. Layers consisting of these compounds have 
different compositions and thicknesses. They are usually 
marked with Greek alphabet letters, i.e. gamma (Γ), gamma1 
(Γ1), delta (δ), zeta (ζ), and sometimes eta (η). Individual 
phases differ significantly not only by composition and 
morphology of the grain but also by mechanical characteristics. 
The formation of individual phases in the coating is ruled by 
the binary phase diagram Fe – Zn shown in [25-27]. 

 

 
Fig. 4.  Optical microstructure interfaces of tin-based alloy/gray cast iron 

specimens with different interlayer compositions: (a) flux only, (b) flux with 
Sn, (c) flux with Sn-8.8% Zn alloy. 
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Fig. 5.  Sn-based alloy/ gray cast iron bimetallic interfacial bonded areas as 

a function of interlayer pre-treatment compositions for the 3 sample groups. 

C. Mechanical Properties of Sn-based Alloy/Gray Cast Iron 

Bimetallic Composites 

The shear strengths of the Sn-based alloy/GG25 gray iron 
bimetallic composites with Sn and Sn-8.8% Zn interlayer 
compositions are shown in Figure 6. The shear strength of the 
bimetal fabricated with Sn-8.8 % Zn interlayers is significantly 
more by 20% than the one fabricated with Sn interlayer, which 
is mainly due to the improvements of the interface bond area of 
Sn-8.8% Zn interlayers. 

 

 
Fig. 6.  Shear stress-strain curves of the tin-based alloy/gray cast iron 

specimens with Sn and Sn-8.8% Zn interlayer compositions. 

IV. CONCLUSION 

In this paper, bimetallic specimens of Sn-based alloy/gray 
cast iron were successfully prepared by liquid-solid compound 
casting after depositing the molten Sn-based alloy on the solid 
gray cast iron substrate. A novel tinning material for gray cast 

iron substrate comprising of the Sn-8.8% Zn eutectic alloy 
powder in combination with flux was performed.  

Sn-8.8% Zn eutectic alloy interlayer improved the bonded 
area and interfacial bimetal structure, due to the higher 
interface reaction of Zn with Fe that led to the formation of 
very thin Fe-Zn and Fe-Sn intermetallic phases. 

Higher shear stress was achieved using Sn-8.8% Zn 
interlayer as tinning material. The optimum Zn content in Sn-
Zn alloy interlayer should be considered for future work in 
order to optimize the fabrication of Sn-based alloy/gray cast 
iron bimetallic composite with high quality and long life bi-
metal bonding. 

ACKNOWLEDGEMENT 

The author would like to thank Dr. Mohamed Ramadan of 
Mechanical Engineering Department, University of Hail for the 
useful discussions and the technical support. 

REFERENCES 

[1] M. Ramadan and N. Fathy, "Solidification Microstructure of Rheocast 

Hyper‐Eutectic Al–18Si Alloy," Journal of Metallurgical Engineering, 
vol. 2, no. 4, pp. 149–154, 2013. 

[2] M. Ramadan, N. El-Bagoury, N. Fathy, M. A. Waly, and A. A. Nofal, 

"Microstructure, fluidity, and mechanical properties of semi-solid 
processed ductile iron," Journal of Materials Science, vol. 46, no. 11, pp. 

4013–4019, Mar. 2011, https://doi.org/10.1007/s10853-011-5329-7. 

[3] S. H. Abro, H. A. Moria, A. Chandio, and A. Z. Al-Khazaal, 
"Understanding the Effect of Aluminum Addition on the Forming of 

Second Phase Particles on Grain Growth of Micro-Alloyed Steel," 
Engineering, Technology & Applied Science Research, vol. 10, no. 1, 

pp. 5153–5156, Feb. 2020, https://doi.org/10.48084/etasr.3243. 

[4] J. Gawronski, J. Szajnar, and P. Wrobel, "Study on theoretical bases of 
receiving composite alloy layers on surface of cast steel castings," 

Journal of Materials Processing Technology, vol. 157–158, pp. 679–
682, Sep. 2004, https://doi.org/10.1016/j.jmatprotec.2004.07.153. 

[5] N. Fathy and M. Ramadan, "Influence of volume ratio of liquid to solid 
and low pouring temperature on interface structure of cast Babbitt-steel 

bimetal composite," AIP Conference Proceedings, vol. 1966, no. 1, Feb. 
2018, Art. no. 020028, https://doi.org/10.1063/1.5038707. 

[6] R. K. Tayal, S. Kumar, V. Singh, A. Gupta, and D. Ujjawal, 

"Experimental Investigation and Evaluation of Joint Strength of 
A356/Mg Bimetallic Fabricated Using Compound Casting Process," 

International Journal of Metalcasting, vol. 13, no. 3, pp. 686–699, Apr. 
2019, https://doi.org/10.1007/s40962-018-0288-2. 

[7] M. Ramadan, K. S. A. Halim, A. S. Alghamdi, A. Khaliq, and N. Fathy, 

"An Empirical Model for Carbon Diffusion in Grey Iron/Stainless Steel 
Bimetallic Composites Incorporating Eutectic Carbides," International 

Journal of Metalcasting, vol. 15, no. 4, pp. 1375–1384, Jul. 2021, 
https://doi.org/10.1007/s40962-020-00561-9. 

[8] Yu. I. Veslopolov and I. Yu. Veslopolov, "Microstructure of the babbitt 

B83 and its melting zone with a bearing steel," Metal Science and Heat 
Treatment, vol. 34, no. 11, pp. 708–710, Aug. 1992, https://doi.org/ 

10.1007/BF00712430. 

[9] N. Fathy, "Interface Microstructure Investigation of Babbitt-Carbon 
Steel Composite Using Flux with Glycerol and Petroleum Jelly 

Additives," Engineering, Technology & Applied Science Research, vol. 
8, no. 3, pp. 3028–3031, Jun. 2018, https://doi.org/10.48084/etasr.2071. 

[10] M. Ramadan, N. Fathy, K. Abdel-Halim, and A. Alghamdi, "New trends 

and advances in bi-metal casting technologies," International Journal of 
Advanced and Applied Sciences, vol. 6, no. 2, pp. 75–80, Oct. 2019, 

https://doi.org/10.21833/ijaas.2019.02.011. 

[11] M. Ramadan, "Interface Structure and Elements Diffusion of As-Cast 

and Annealed Ductile Iron/Stainless Steel Bimetal Castings," 



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8416-8420 8420 
  

www.etasr.com Fathy: Interfacial Microstructure and Bonding Area of Sn-based Alloy-GG25 Gray Iron Bimetallic … 

 

Engineering, Technology & Applied Science Research, vol. 8, no. 2, pp. 
2709–2714, Apr. 2018, https://doi.org/10.48084/etasr.1856. 

[12] M. Cholewa, T. Wrobel, and S. Tenerowicz, "Bimetallic layer castings," 

Journal of Achievements in Materials and Manufacturing Engineering, 
vol. 43, no. 1, pp. 385–392, 2010. 

[13] P. Diouf and A. Jones, "Investigation of Bond Strength in Centrifugal 

Lining of Babbitt on Cast Iron," Metallurgical and Materials 
Transactions A, vol. 41, no. 3, pp. 603–609, Nov. 2010, https://doi.org/ 

10.1007/s11661-009-0112-y. 

[14] Z. Guo, M. Liu, X. Bian, M. Liu, and J. Li, "An Al–7Si alloy/cast iron 

bimetallic composite with super-high shear strength," Journal of 
Materials Research and Technology, vol. 8, no. 3, pp. 3126–3136, Feb. 

2019, https://doi.org/10.1016/j.jmrt.2017.06.014. 

[15] K. Suganuma, K. Niihara, T. Shoutoku, and Y. Nakamura, "Wetting and 
interface microstructure between Sn–Zn binary alloys and Cu," Journal 

of Materials Research, vol. 13, no. 10, pp. 2859–2865, Jul. 1998, 
https://doi.org/10.1557/JMR.1998.0391. 

[16] C. M. L. Wu, C. M. T. Law, D. Q. Yu, and L. Wang, "The wettability 

and microstructure of Sn-Zn-RE alloys," Journal of Electronic 
Materials, vol. 32, no. 2, pp. 63–69, Oct. 2003, https://doi.org/10.1007/ 

s11664-003-0238-4. 

[17] M. Ramadan, B. Ayadi, W. Rajhi, and A. S. Alghamdi, "Influence of 
Tinning Material on Interfacial Microstructures and Mechanical 

Properties of Al12Sn4Si1Cu /Carbon Steel Bimetallic Castings for 
Bearing Applications," Key Engineering Materials, vol. 835, pp. 108–

114, 2020, https://doi.org/10.4028/www.scientific.net/KEM.835.108. 

[18] M. Ramadan, A. S. Alghamdi, K. M. Hafez, T. Subhani, and K. S. Abdel 
Halim, "Development and Optimization of Tin/Flux Mixture for Direct 

Tinning and Interfacial Bonding in Aluminum/Steel Bimetallic 
Compound Casting," Materials, vol. 13, no. 24, Jan. 2020, Art. no. 5642, 

https://doi.org/10.3390/ma13245642. 

[19] J. Koutsky and J. Vesela, "Evaluation of white metal adhesion 
(conventional casting and thermal wire arc spraying) by ultrasonic non-

destructive method," Journal of Materials Processing Technology, vol. 
157–158, pp. 724–728, Sep. 2004, https://doi.org/10.1016/j.jmatprotec. 

2004.07.131. 

[20] N. P. Barykin, F. A. Sadykov, and I. R. Aslanian, "Wear and failure of 

babbit bushes in steam turbine sliding bearings," Journal of Materials 
Engineering and Performance, vol. 9, no. 1, pp. 110–115, Oct. 2000, 

https://doi.org/10.1361/105994900770346367. 

[21] F. A. Sadykov, N. P. Barykin, I. Sh. Valeev, and V. N. Danilenko, 
"Influence of the structural state on mechanical behavior of tin babbit," 

Journal of Materials Engineering and Performance, vol. 12, no. 1, pp. 
29–36, Oct. 2003, https://doi.org/10.1361/105994903770343448. 

[22] R. R. Dean and C. J. Evans, "Plain bearing materials: The role of tin," 

Tribology International, vol. 9, no. 3, pp. 101–108, Mar. 1976, 
https://doi.org/10.1016/0301-679X(76)90032-3. 

[23] G. C. Pratt, "Materials for Plain Bearings," International Metallurgical 

Reviews, vol. 18, no. 2, pp. 62–88, Mar. 1973, https://doi.org/ 
10.1179/imtlr.1973.18.2.62. 

[24] M. Moazami Goudarzi, S. A. Jenabali Jahromi, and A. Nazarboland, 

"Investigation of characteristics of tin-based white metals as a bearing 
material," Materials & Design, vol. 30, no. 6, pp. 2283–2288, Mar. 

2009, https://doi.org/10.1016/j.matdes.2008.07.056. 

[25] M. Singh and S. Bhan, "Contribution to the Fe—Sn system," Journal of 
Materials Science Letters, vol. 5, no. 7, pp. 733–735, Apr. 1986, 

https://doi.org/10.1007/BF01730231. 

[26] K. Han, I. Ohnuma, K. Okuda, and R. Kainuma, "Experimental 

determination of phase diagram in the Zn-Fe binary system," Journal of 
Alloys and Compounds, vol. 737, pp. 490–504, Nov. 2018, 

https://doi.org/10.1016/j.jallcom.2017.11.320. 

[27] L. Zhu, S. Honrao, B. Rijal, R. G. Hennig, and M. V. Manuel, "Phase 
equilibria and diffusion coefficients in the Fe-Zn binary system," 

Materials & Design, vol. 188, Nov. 2020, Art. no. 108437, 
https://doi.org/10.1016/j.matdes.2019.108437.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8421-8425 8421 
 

www.etasr.com Saxena & Roy: Suitability Analysis of Stone Column Materials with PLAXIS  

 

Suitability Analysis of Stone Column Materials with 

PLAXIS  
 

Shivangi Saxena  

Department of Civil Engineering 
National Institute of Technology 

Patna, India 

shivangisaxenacivil0049@gmail.com 

Lal Bahadur Roy 

Department of Civil Engineering 
National Institute of Technology 

Patna, India 

lbroy@nitp.ac.in

Received: 17 January 2022 | Revised: 21 February 2022 | Accepted: 27 February 2022 

 

Abstract-Stone columns are usually provided in groups to 

support various geotechnical structures, such as embankments, 
storage tanks, etc. Several experimental and numerical studies 

have been performed to study the response of stone columns as 

soil reinforcement. For relatively moderate loading of a 

structure, application of stone columns either singly or in groups 

is widely used. The enhancement of strength of the soil is 

governed by the type of original subsoil and the properties of the 

coarse aggregate materials used for the stone columns. Several 
researchers have analyzed different coarse-grained materials 

using various plane strain approaches to model the stone 

columns. This article deals with the non-linear analysis of an 

isolated stone column embedded in a semi-infinite medium of 

sandy soil. The parameters which crucially affect the settlement 

characteristics and the bulging failure of stone columns have 

been determined. The suitabilities of two different natural 

aggregates, pebble gravels, and crushed pebble gravels as 

materials for the stone column have been compared on the basis 

of their settlement behavior using 2D numerical modeling with 
the PLAXIS software. 

Keywords-soil improvement; stone columns; numerical 
modeling; natural aggregates 

I. INTRODUCTION  

Engineers face challenges due to the presence of low 
bearing soils. These marginal soils have low bearing capacity 
and high compressibility characteristics. In order to make these 
marginal soils suitable for construction, ground improvement 
techniques need to be applied [1-3]. Stone column is such a 
technique to treat the weak soil. Stone columns are constructed 
by compacting coarse aggregates in bore holes. Granular stone 
columns have been used as a soil reinforcement technique for 
soft clay improvement to improve the bearing capacity of the 
native soil [4, 5]. An analytical method to assess the stone 
column load bearing mechanism for calculating the immediate 
settlement and rate of consolidation for stone columns 
embedded in soft soil was developed in [6, 7]. The ultimate 
bearing capacity of columns depends on the geometry of the 
column, its material properties, and the properties of the soft 
soil. The effect of the length of the stone column is almost 
negligible on bearing capacity because most of the load is 
transferred from the column to the surrounding soil through 

sides and very little load is transferred to the bottom which is 
similar to the effects of piles in granular soil [8-12]. The 
general range for the diameter of the stone column ranges from 
0.9 to 1.2m and the length of stone column from 4 to 10m [13, 
14]. Bulging failure is most common in long columns where, 
length to diameter (L/D) ratio is more than 4 to 6 [15]. Various 
researchers have analyzed the failure of reinforced ground. 

The numerical modeling of a single and a group of stone 
columns has been analyzed using finite element software in 
[16-20]. Three different coarse grained materials were analyzed 
in [21] to assess their suitability for stone column materials by 
performing large scale site tests and laboratory tests. Important 
results from these works have been considered as input 
properties in the model presented in this study to analyze the 
behavior of pebble gravels and crushed pebble gravels as stone 
column material. 

II. EXPERIMENTAL SETUP AND MATERIAL PROPERTIES 

Several in-situ and laboratory tests were performed by the 
authors in [21] to determine the properties of soft soil and 
coarse-grained aggregates used in the analysis of stone 
columns. They determined the bulk density of natural 
aggregates using pit tests on already existing columns. The 
density index of the stone columns was determined in the 
laboratory. The obtained results from the tests are presented in 
Table I. To find the shear strength properties of column 
material, direct shear test was performed. The dimensions of 
the apparatus were 300×300mm with a height of 200mm. Shear 
stresses have been calculated by applying normal stresses with 
50kN/m

2
 increments. The angle of internal friction for pebble 

gravel was calculated to be 50° and it came out as 52° for the 
crushed pebble gravel. The influence of angle of shear (φ), L/D 
ratio, and undrained cohesion (Cu) have been considered in 
parametric study section. The analysis is followed by different 
materials study and the load – settlement curve. 

III. PROBLEM STATEMENT 

Two dimensional linear finite element models were used to 
analyze the behavior of stone column in clay soil. Stone 
columns with two different granular materials were used in two 
separate cases. The analysis was carried out with pebble 
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gravels and crushed pebble gravels. The elementary boundary 
condition has been used for the analysis where radial 
deformation (ux = 0) is restricted but settlement is allowed. 
Fixity condition was applied at the bottom of the model i.e.  
ux = 0, uy = 0. The stone column is modeled as axisymmetric 
and Mohr-Coulomb’s criteria considering elasto-perfectly 
plastic behavior for soft clay were considered. Drained 
condition is assumed for both aggregates.  

TABLE I.  MATERIAL PROPERTIES [21] 

Parameter Unit 

Materials 

Clay Pebble gravel 
Crushed pebble 

gravel 

γ kN/m
3 

19 18 17.36 

γsat kN/m
3
 20.45 19.9 19.55 

Eoed kN/m
2
 5170 45300 65800 

φ o 26.6 49.9 51.8 

ψ o 0 19.9 21.8 

c kN/m2 10.8 1 1 

Kx = ky m/day 0.01037×10-3 864 864 

µ - 0.355 0.23 0.23 

Properties of loading plate 

Normal stiffness (EI) 5×10
6
kN/m 

Flexural rigidity (EA) 8500kNm
2
/m 

 

It was considered that sufficient time has passed since the 
load has been applied, hence stress concentration and 
settlement have become steady. At the junction of stone 
column and soft clay there is no interface element due to 
deformation. This is found to occur mainly due to the radial 
bulging of the stone column. Finite element analysis for the 
stone column without considering any interface material has 
been performed in [22, 23]. Figure 1 shows the geometrical 
dimensions of the model problem. The model geometry is 
325mm×350mm. Length and diameter of the stone columns 
were taken as 225mm and 25mm respectively. Stone columns 
are provided at the center of the clay bed and loading has been 
done through a flat plate double the size of the stone column. 
Displacement of 75mm is applied at the top of the stone 
column. 

 

 
Fig. 1.  Problem dimensions. 

IV. NUMERICAL MODEL 

Finite element linear elastic-perfectly plastic analysis is 
carried out in the clay medium soil. Mohr-Coulomb’s material 
model is used to observe the response of clay and stone 

column. According to the Mohr-Coulomb failure criteria, when 
the shear stress on the soil element becomes equal to the 
critical value of stress, then the soil will fail. In Mohr-
Coulomb, effective cohesion (c) and effective internal friction 
angle (φ) are modeled for both types of behavior, drained or 
un-drained. To do an effective stress analysis of the soil, 
friction angle and effective cohesion are taken in terms of 
effective stress. The total stress analysis value of cohesion 
parameter has been taken equal to the un-drained shear strength 
of the soil, in combination with φ equal to 0o. The finite 
element program PLAXIS V8 was used for the analysis. The 
stone column and clay soil were modeled as axisymmetric 2D 
structures. The finite element mesh is generated with 15-node 
triangular elements having fine mesh size. There are 3 types of 
loading that can be applied in PLAXIS: (i) Distributed load, (ii) 
point load, (iii) prescribed displacement, which provides more 
information to draw the load-settlement response, so it is 
considered as the loading type in this study. Since we are using 
axisymmetric model, 2π is multiplied with the load recorded by 
the PLAXIS to get the actual load in the field. PLAXIS has the 
fixities option to apply the boundary condition. 

V. RESULTS 

A. Analysis for Stress Concentration 

Gravel pebbles and crushed gravel pebbles were used as 
materials for the stone columns and their effectiveness was 
analyzed on the basis of their stress concentration and 
settlement occurring in the stone column-soil system up on the 
application of load. 

1) Using Pebble Gravel as Stone Column Material 

Effective stress analysis was carried out and the 
deformation behavior of the finite elements was observed. 
Figure 2 shows the deformed mesh at the failure when pebble 
gravel is used as stone column material. The extreme total 
displacement in the deformed shape is 50.68mm. The value is 
observed on scale factor of 0.5. The length of each line 
represents the magnitude of principal stress and the direction 
indicates the principal direction. The observed effective 
principal stress is 3.42×103 kN/m2 as shown in Figure 2(b). 

2) Using Crushed Pebble Gravel as Stone Column Material 

Figure 3 shows the deformed mesh at failure. Extreme total 
displacement in the deformed mesh is 38.71mm. Here, total 
displacement means absolute accumulated displacement 
combined from the horizontal and vertical displacement 
components at all nodes at the end of the calculations. The 
relative deformation decreases by almost 31% in case of 
crushed pebble gravels. The stress concentration is less 
localized in the case of crushed pebble gravels. Hence, crushed 
pebbles gravel is more suitable material for stone column than 
pebbles gravel. The observed effective stress is 2.5×10

3
kN/m

2
 

as shown in Figure 3(b). 

B. Analysis for Load-Settlement Curve 

Load settlement behavior was monitored in order to find 
out the most suitable material for stone columns. Based on the 
axial stress developed in the stone column and the settlement 
behavior, it can be concluded that stone column reaches the 
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failure stage at the top. Settlement behavior of stone column 
with respect to load on the top of stone column is shown in 
Figure 4. It can be observed from the load-settlement curve that 
the stone column with pebble gravels settled more than the 
stone column with crushed pebbles gravel for the same value of 
stress. Crushed pebble gravel can be treated as a more suitable 
material for stone column than pebble gravels. 

 

(a) 

 

(b) 

 

Fig. 2.  Pebble gravel deformation and principal effective stress: (a) 

deformed mesh, (b) effective stress contour. 

C. Parametric Study 

The physical parameters of the stone columns, φ, L/D ratio, 
and Cu of soft clay are varied to study their influence on the 
load settlement behavior of stone columns. 

1) Angle of Internal Friction of Granular Material 

Figure 5 shows the influence of the angle of internal friction 
(φ) of natural aggregates on the load-settlement behavior. This 
effect has been shown by varying φ from 47.9° to 51.9°. 

(a) 

 

(b) 

 

Fig. 3.  Crushed pebble gravel deformation and principal effective stress: 

(a) deformed mesh, (b) effective stress contour. 

 
Fig. 4.  Stress vs settlement curve for different materials. 
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Fig. 5.  Stress-settlement curve for different values of φ. 

With increase in the shearing angle of the granular material, 
the settlement value of the stone column material is reduced for 
a particular value of load. This is mainly due to the increase in 
shearing resistance offered by the granular material with 
increase in φ. At the same time, for lower values of stress, the 
angle of internal friction does not influence the settlement of 
stone column significantly. 

2) Undrained Cohesion of Clay Bed 

The behavior of load settlement curve is analyzed in Figure 
6 with increments of 2kN/m

2
 in the value of undrained 

cohesion of the soil. Cu ranges from 8.8kN/m
2 to 12.8kN/m2. 

 

 

Fig. 6.  Stress-settlement curve for different values of Cu. 

3) L/D Ratio 

To study the effect of L/D ratio on the load settlement 
behavior, the L/D ratio varied from 2 to 9 (Figure 7). It is 
observed that when the L/D ratio is increased, the settlement of 
stone column is decreased for the same applied load up to  
L/D = 4. After L/D = 4, there is no significant decrease in the 
settlement. 

VI. DISCUSSION 

The comparison of different types of coarse-grained 
materials explains the utility of pebble gravels and crushed 

pebble gravels for stone columns. No such previous work has 
been carried out on the above specified aggregates, hence the 
study is unique within the area of stone columns. The results 
obtained from the current study state that the effect of the angle 
of internal friction, the undrained cohesion of surrounding clay, 
and the L/D ratio on the load settlement response are 
approximately the same with the findings in [3, 21]. 

 

 

Fig. 7.  Stress-settlement curve for different values of L/D ratio. 

VII. CONCLUSIONS 

The increased requirement for ground improvement by 
stone columns led to the incorporation of various types of 
natural aggregates as material for stone columns. The 
comparative analysis of the load-settlement response for gravel 
pebbles and crushed pebble gravels shows that: 

• Relative deformation and settlement in the case of crushed 
pebble gravels are less than those imposed by pebble 
gravels. Hence, crushed pebble gravels are more efficient as 
a material for stone columns in soft soils.  

• The settlement tendency of stone columns on the 
application of load was found to decrease with the increase 
of the angle of internal friction.  

• When the value of undrained cohesion of the surrounding 
clay increases, the settlement of the stone column for the 
same value of load decreases. 

• With the increase in the value of the L/D ratio, the 
settlement of the stone column for the same value of load 
decreases and there is no significant response on the load- 
settlement curve of the stone column when the L/d ratio is 
increased beyond 4. 
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Abstract—This study examines how different initial design 
decisions affect the area, timing, and power of technology-

mapped designs. ASIC design flow, tools used during the flow, 

and the factors to consider to maximize the performance and 

power ratio are discussed. The ALU (Arithmetic Logic Unit) is a 

fundamental part of all processors. In this study, two ALUs were 

implemented using two different types of adder circuits: a Ripple 

Carry Adder (RCA) and a Sklansky adder. The Cadence EDA 

tools were used for the implementation. A comparative analysis 

was conducted for the two designed ALUs in terms of area, 

power, and timing analysis. The ALU design was also used as an 

example to examine the whole workflow front-end wise by 

constructing a block schematic and back-end wise by 
floorplanning, placing, and routing the physical design. 

Keywords-arithmetic logic unit (ALU); ripple carry adder; 

sklansky adder; VHDL 

I. INTRODUCTION  

The basic purpose of this study was to examine the impact 
of initial design decisions on the area, timing, and power of 
ASIC designs and to introduce the ASIC design flow from the 
beginning to the end, i.e. from RTL design to floorplanning and 
layout. The Arithmetic Logic Unit (ALU) is a key element of a 
processor that performs arithmetic and logical operations on 
binary numbers [1-7]. Several 32-bit ALUs have been designed 
and coded in VHDL [8-13]. An ALU consists of three major 
parts: Adder, logic unit, and shifter. The adder is responsible 
for the subtraction and addition operations of signed and 
unsigned numbers. The logic unit is responsible for bitwise 
logical operations, and the shifter unit is responsible for the 
arithmetic and logical shift operations, as shown in Figure 1 
[14-20]. In the first ALU design, a Ripple Carry Adder (RCA) 
was used, while in the second one, a prefix tree of Sklansky-
type adder was used. The adder is a very important component 
in digital systems, and in the past, much research has been 
conducted on various adder types to improve their speed and 
area requirements [21-25]. Apart from the adder, both ALU 
types consisted of Logical and Shifter blocks. 

The design in Figures 1 and 2 has three main blocks: 
adder/subtractor, bitwise operations, and shifter. The adder 
block has two different implementations: A ripple carry and a 
Sklansky type. The ALU registers in data (A/B), opcode (Op), 
and output were positively edge-triggered. The design was 
implemented using two approaches. The first approach, shown 
in Figure 2, has all the functional blocks that compute the 
operations and the mux at the output decides which functional 
block is connected to the output. The other approach intended 
to guard the individual functional blocks using a mux after the 
input registers. This input mux intended that if the opcode is 
not meant for the particular functional block, it will get all 
zeroes as data input, reduce the combinatorial switching, and 
hence decrease power consumption. But then, the first design 
approach was chosen as including six 32-bit muxes would take 
up too much area and would probably kill the basic idea of 
saving power consumption. [25-30]. 

 

 
Fig. 1.  Block diagram of a 32-bit ALU 

II. SIMULATIONS AND VERIFICATION 

After completing the design in VHDL, the functionality of 
the ALU design was verified using a test bench and test 
vectors. The test bench was also designed in VHDL as a non-
synthesizable code, while the rest of the ALU code was 
synthesizable. The test bench was designed to be able to read 
the test vectors and send them as input to the 32-bit ALU. The 
test bench compared the outputs received from the ALU to the 

Corresponding author: Muhammad Imran Khan 



Engineering, Technology & Applied Science Research Vol. 12, No. 2, 2022, 8426-8430 8427 
 

www.etasr.com Alrashdi & Khan: Design and Comparative Analysis of High Speed and Low Power ALU Using RCA … 

 

expected outputs. As these test vectors and expected outputs 
were a design specification, running them on the test bench was 
a functional verification. Functional verification of RCA and 
SKL was performed by the Cadence simulation tool called 
NCSIM. Three different sets of test vectors were used to verify 
the ALUs: 1001 random test vectors, 1001 regular test vectors, 
and 154999 real trace test vectors. These test vectors were not 
enough to provide the full test coverage, however 268 
combinations of test vectors can be a reliable number. 

 

 
Fig. 2.  Specifications of the ALU. 

III. SYNTHESIS 

After the successful simulation and verification of the 
design, the next step was to synthesize it. Logic Synthesis is the 
process to convert HDL code into RTL netlist in terms of 
standard cells. A 130nm process technology was used for the 
standard cell library. The RTL compiler tool generated the 
netlist at the end of synthesis in the form of Verilog code. 
Opening this Verilog code revealed that it was an entirely 
structural code with hardware description in terms of 
connections between standard cells. After making sure that the 
ALU design was synthesizable, Static Timing Analysis was 
used to analyze the timing performance of the design without 
simulating the design. 

The ALU RCA design was synthesized using various 
timing constraints and Tables I-II show the results of those 
attempts. The RCA-based ALU did not meet the timing 
constraint for an 800MHz processor. The best timing was 
achieved by the RCA-based ALU at around 2250ps (444 
MHz). The critical path of the RCA-based ALU laid in the 
RCA block for all the above implementations, though the exact 
path changed as stricter timing constraints were introduced. But 
for the most part, the path consisted of input carry rippling 
through the circuit from the LSB to the MSB.  

TABLE I.  STA RESULTS FOR ALU RCA 

Effort 
Time constraint 

(ps) 

Worst case 

delay (ps) 

Area of 

implementation (µm
2
) 

Low None 4369 12619 

Medium 2689 2688 12482 

Medium 1250 2000 13906 

Medium 2250 2250 13049 

 

The SKL based ALU was able to meet the timing constraint 
for an 800MHz processor and was even able to clock up to 
1GHz, although it pays in terms of area to reach this frequency. 
One major difference between the RCA and SKL designs was 
in terms of the critical path. For stricter timing constraints, the 
RCA had its critical path lying in the adder block, whereas the 
SKL had it in the shifter block. This is understandable since the 
Sklansky adder is much faster compared to the RCAr. 
Examining the 10 worst paths showed that the critical paths for 
the SKL design were evenly distributed between the shifter and 
adder blocks. [31-35]. 

TABLE II.  STA RESULTS FOR ALU SKL 

Effort 
Time constraint 

(ps) 

Worst case 

delay (ps) 

Area of 

implementation (µm
2
) 

Low None 4528 13960 

Medium 2500 2480 13283 

Medium 1250 1250 16069 

Medium 1000 1000 18185 

 

IV. COMPARISON 

For both RCA and SKL adders, the power at 0.1 toggling 
probability is greater than at 0.02, i.e. Power(0.1)>Power(0.02). 
The leakage power is almost the same at different toggling 
probabilities, but dynamic power increases with an increase in 
toggling probability, as Table III shows. This makes sense as 
increasing the toggling probability increases the switching 
activity of internal nodes and nuts, which results in increased 
power. SKL dissipates less power than RCA. The area of 
implementation depends on the effort used by the RTL 
compiler and the timing constraints. The structure of SKL is 
more regular compared to RCA because SKL has an improved 
structure. The clock capacitance of RCA is more than SKL. 
Figures 3 and 4 show the area of implementation of the RCA 
and SKL ALUs respectively.  

 

 
Fig. 3.  ALU RCA area implementation (µm

2
). 

 
Fig. 4.  ALU SKL area implementation (µm2). 
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Figure 5 shows the area of implementation for both ALUs, 
while Figure 6 shows their power dissipation plots. Figure 7 
shows a comparison of the efficiency of both ALUs in terms of 
power consumed under different timing constraints. RCA is 
more power-efficient than SKL. SKL increases its power 
efficiency in lower timing constraints. The choice of the input 
sequence is very important for power analysis. The input 
sequence can be chosen from real logic simulations. Three 
Value Change Dump (VCD) files were created for RCA, 
having random, regular, and real trace vectors as sets of input 
patterns. The VCD file gets real switching information in the 
power analysis and goes into the RTL compiler. 

 

 
Fig. 5.  Implementation area comparison of RCA and SKL ALUs. 

Fig. 6.  Power dissipation of RCA and SKL ALUs using different timing 

constraints. 

 
Fig. 7.  Power comparison between RCA and SKL ALUs. 

TABLE III.  POWER ANALYSIS OF SKL AND RCA BASED ON VARYING TOGGLING PROBABILITIES 

Timing Constraint 

(ps) 

Adder 

type 

Toggling 

probability 

Leakage power 

(µw) 

Dynamic power 

(µw) 

Total power 

(µw) 

Clock power 

(µw) 

Clock capacitance 

(fF) 

Unconstraint RCA 0.02 294 1334 1608 104 309.400 

Unconstraint RCA 0.1 294 3892 4186 104 309.400 

Unconstraint Sklansky 0.02 326 1760 2086 176 307.400 

2508 Sklansky 0.1 326 4322 4648 176 307.400 

2508 RCA 0.02 346 1873 2219 208 363.000 

2508 RCA 0.1 346 4695 5041 208 363.000 

2508 Sklansky 0.02 328 1963 2291 208 310.200 

2150 Sklansky 0.1 328 4701 5029 208 310.200 

2150 RCA 0.02 369 2190 2559 293 437.400 

2150 RCA 0.1 369 5194 5563 293 437.400 

1250 Sklansky 0.02 350 2857 3207 378 328.100 

TABLE IV.  POWER ESTIMATION BASED ON TEST VECTORS 

Timing constraint (ps) Adder type Test vector type Leakage power (nW) Dynamic power (nW) Total power (nW) 

2508 RCA Random 346558.721 6983081.572 7329640.292 

2508 RCA Regular 348672.104 36022780.146 3951452.250 

2508 RCA Real trace 351631.026 3954686.641 4306377.667 

2508 Sklansky Random 32364.014 6358256.700 6685620.713 

2508 Sklansky Regular 330858.982 3205877.702 3536070.684 

2508 Sklansky Real trace 340725.210 3516652.143 3857377.353 

2150 RCA Random 370941.482 8473036.411 8843977.893 

2150 RCA Regular 372972.466 4485655.551 4858628.017 

2150 RCA Real trace 373893.091 4747270.943 5121064.034 

2150 Sklansky Random 328880.228 7649393.717 7978273.945 

2150 Sklansky Regular 331153.317 4040497.554 4371650.871 

2150 Sklansky Real trace 335008.116 4308426.483 4643434.599 
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Table IV indicates that random vectors consume more 
power while the regular and real trace vectors consume less. 
The real trace vectors consume a little more power than the 
regular vectors. The flow for creating a use case power analysis 
was to synthesize the design with a specified timing constraint 
and compile cell library files along with the Verilog netlist of 
the synthesis and the testbench. A simulation was then run on a 
test vector set and signal switching activity was written into a 
VCD file. This file was compiled by an RTL compiler to obtain 
"real" switching information in the power analysis [28-30]. 

Comparing the power dissipation from the analyses made 
with random, regular, and real-trace test vectors showed that 
the random file is the most power-consuming, while the regular 
and the real trace are close, and the latter consumed a little 
more power. Random vectors were expected to consume more 
power. The real trace was expected to be the least power-
consuming set but it seems that the regular set has more 
regularity and thus less switching than the real trace. Power 
consumption depends on the use of the design. Assuming that 
the design meets the power constraints, when it is only 
analyzed with a limited and perhaps irrelevant test vector set it 
can result in faulty conclusions. It is always good if real use 
cases can be tried, which is not always the case [35-40]. 

V. PLACE AND ROUTE 

Finally, the design was examined through the back-end 
flow using the Cadence SoC Encounter. Floorplanning is the 
first step of the place and route flow. Floorplanning means 
specifying where to place different blocks of the design. In this 
step, it is important to make a good modular partitioning of the 
design. Also, since the critical path is in the RCA block, the 
maximum area should be provided in terms of utilization 
percentage. Once the floorplanning was complete, the 
necessary stages of physical design, such as pin placement, 
power grid routing, standard cell placement, clock tree 
synthesis, and routing, followed. The next step was the Clock 
Tree Synthesis (CTS) which was optimized in three steps: Pre-
CTS, CTS, and Post-CTS. It is useful to perform a timing 
analysis between each optimization to see if the timing 
constraints are met. 

The actual CTS step is like mapping the design to actual 
cells. The positions of clock buffers and clock tree were 
checked and it was found that the design had one level of 
buffers. The timing was checked again after this step but the 
constraint still wasn't met. The last step of CTS, i.e. post-CTS 
optimization, was followed to achieve the optimization based 
on the existing clock tree. The timing was checked again and it 
was found to be improved a lot, as the slack time was -0.466, 
much better than before when it was -2.259. Routing and post-
route optimization were performed. The clock and reset signals 
should have the highest priority because they have to be 
provided to every block in the design and therefore are critical. 
Filler cells were used to fill the gaps and connect them to the 
power rails. Layout verification was performed. Four MinCut 
violations were found, which were later removed using the 
fixMinCutVia command. The final timing analysis showed a 
slack time at -0.395. 

VI. CONCLUSION 

An ALU design was drawn through the EDA flow from the 
basic idea and block schematic through RTL, verification, and 
back-end design with place and route. The synthesis results 
showed that the area of the RCA ALU changes more rapidly 
than that of the SKL ALU because the former has to put more 
effort to meet the stricter timing constraint at the expense of 
more area. The SKL ALU is a fast adder and easily meets the 
stricter timing constraint without increasing area and power 
consumption. It was also observed that the RCA ALU used less 
area and power compared to the SKL ALU, so it is better to use 
it if the timing constraint is not high, as it can be a more 
efficient design in terms of area and power consumption. 

Furthermore, it was very instructive to see how different 
initial decisions affected the area, timing, and power of the 
technology mapped design. A well-structured design and the 
knowledge of the circuit help to make the most of the back-end 
design steps. This makes it easier to perform good 
floorplanning, helping the tools perform better at too complex 
tasks. 
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Abstract-Noise is always present in offshore seismic data, as there 

isn't a single method that could eliminate all the forms of noise. 

In this study, noise removal techniques were applied to attenuate 

different noises in 2D shallow-marine seismic data from the 

Baltic Sea area. Amplitude recovery should be applied before the 

noise attenuation stage as a preconditioning process for showing 

all noises in the deeper part of the seismic data. Frequency filters 
(notch filter and low-cut filter), frequency-wavenumber (FK) 

filter, and swell noise attenuation (Deswell) were applied as 

robust noise attenuation techniques. The method of directly 

modifying the amplitude spectrum of the seismic data is known 

as frequency filtering. A notch filter can be used to remove the 

harmonic noise of the power line harmonic noise (mono-
frequency noise). A low-cut filter can be used to remove the low-

frequency noises due to the influence of hydrostatic pressure 

variations. The linearly correlated events, such as tail-buoy and 

operational noise, were removed using the FK filter. Incoherent 

noise, such as swell noise, can be attenuated by swell noise 

attenuation (Deswell). The seismic results are displayed before 

and after the applied noise attenuation techniques to prove the 
validity of the applied filters. This study aimed to show the 

importance of shallow offshore seismic data processing in 

removing different types of noise, as it increases the value of data 
for seismic data interpretation and marine geohazard assessment. 

Keywords-noise attenuation; frequency filtering; FK filter; 

swell noise attenuation 

I. INTRODUCTION  

Oilfield exploration and production from oil reservoirs are 
usually accompanied by high risks. During the implementation 
of oilfield development plans, the oil volume to be produced is 
unknown and uncertain as the oil reservoir lies hundreds of 
meters beneath the ground, and its volume, quality, and 
distribution cannot be determined with certainty [1]. Seismic 
waves are an essential tool for subsurface investigation due to 
their depth of penetration and multidimensional features [2]. 
The most common geophysical method, seismic reflection, 
studies subsurface structures. Geophysicists are interested in 
interpreting the travel times of the seismic waves [3,4]. This 

leads geophysicists to pay special attention to seismic data 
processing, particularly for the removal of various unwanted 
signals, because the quality of the subsurface imaging is largely 
determined by the accuracy of the processed data. 

During a seismic survey, traces are recorded as a linear sum 
of wanted and unwanted signals. Noises in seismic data are 
classified as: (a) coherent noises, which are consistent from one 
trace to another, and (b) random noises, which are not 
consistent from one trace to another. Wind motion and traffic 
(vehicles, people, and animals) can cause random noise. 
Coherent noise can be guided waves (resulting from hard water 
bottom), cable noises (distinguished by their low amplitudes 
and frequencies), multiples (can be water bottom and peg-leg), 
direct arrivals, airwaves, and ship noises [5]. Denoising is a 
nontrivial task when the noise and signal overlap in multiple 
domains, such as time, frequency, and velocity. Therefore, the 
performance of noise suppression is greatly influenced by the 
choice of the suppression technique and the domain in which 
the approach will be implemented [6].  

Compared to the traditional methods, this shallow offshore 
seismic survey utilized a sparker source to obtain high-
frequency seismic data, resulting in a higher noise level in the 
recorded data. As there is no single method to eliminate all 
forms of noise in seismic data, frequency filters, FK filter, and 
Deswell were used as robust noise attenuation techniques.  

II. DATA 

The study area is located in the Baltic Sea region, which 
represents a connection between West and East Europe, as 
shown in Figure 1. Through 2D shallow marine seismic data 
from the region, the workflow was built to provide an optimal 
noise attenuation solution. The seismic data were recorded with 
the Geometrics Geode system and were acquired with the 
following field acquisition parameters: group and shot interval 
3.125m, 48 channels, offset range 14:158m, record length 
400ms, and sample rate 0.25ms. 
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Fig. 1.  A map showing the location of the study area in the Baltic Sea 
region. The black rectangle shows the location of the processed seismic line. 

III. METHODS 

A. Frequency Filters 

Filtering refers to a wide variety of data-processing 
techniques that aim to change the frequency composition of a 
waveform in a controlled way. Figure 2 shows different shaped 
filters. A bandpass filter enables frequencies within a certain 
range to pass through the filter without being attenuated. Low-
cut (high pass) or high-cut (low pass) filters remove the low or 
high frequencies respectively. The following parameters must 
be determined before frequency filtering: frequency cut-off 
values, operator length, application domain: frequency or time, 
filter type (Butterworth or Ormsby), and filter phase (zero or 
minimum) [7, 8]. 

 

 
Fig. 2.  Different filter designs: (a) band pass, (b) low cut, (c) high cut, and 
(d) notch. 

The main characteristics of power line harmonic noise are 
that it appears in the amplitude spectrum as single frequency 
amplitude bursts at 50 or 60Hz and its amplitude remains 
relatively constant over time, whereas the amplitudes of 
seismic reflections decay over time [9]. A Notch filter was 
applied with optimum parameters as peak frequency: 55Hz and 
delta frequency=5, to remove power line harmonic noise 
(mono-frequency noise) as shown in the shots gathers in Figure 
3. Ocean waves and streamer buckling produce changes in 
water depth over the seismic streamer cable, resulting in 
hydrostatic pressure variations that may be eliminated using a 
low-cut filter [10]. A low-cut filter was applied with the 
following optimum parameters: frequency filter: low cut, filter 
type: Butterworth, filter phase: zero, and frequency cut-off 
values: 4-8-0-0, to remove low-frequency noises as shown in 
shot gathers in Figure 4. 

 
Fig. 3.  QC shot gathers (a) before notch, (b) after notch, and (c) 
difference. 

 
Fig. 4.  QC shot gathers (a) before LCF, (b) after LCF, and (c) difference. 

The amplitude spectrums before and after the notch filter 
and after the low cut filter are shown in Figure 5 to confirm the 
removal of the mono frequency noise (shown as a spike) and 
low-frequency noise.  

 

 
Fig. 5.  Amplitude spectrum before notch (blue), after notch (red), and 
after LCF (green). 

B. Frequency-Wavenumber (FK) Filter 

An FK filter is a coherent noise attenuation method in the 
frequency-wavenumber domain. The FK filter was applied in 

     (a)                                (b)                      (c)                           (d) 

        (a)                                       (b)                                     (c)               

        (a)                                       (b)                                     (c)               
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three steps: (a) A Fourier transform was used to convert from 
the time domain to the frequency domain. Signal and noise 
could be separated depending on the dipping angle after the 
transformation. So, the FK filter was referred to as a dip or 
velocity filter. (b) In the FK spectrum, filtering is conducted by 
muting the unwanted signal. (c) Inverse Fourier 
transformations were used to convert the frequency domain to 
the time domain [11]. As illustrated in Figure 6, the FK 
spectrum is a powerful tool for discriminating correlated events 
in time-domain seismic data with distinct dips. The amplitudes 
of an event in the frequency domain move closer to the 
horizontal wavenumber axis as the inclination of an event rises 
in the time domain. In the FK domain, a vertical event in the 
time domain, such as a bird noise on the shot gathers, looks 
horizontal. Primary reflection amplitudes are usually seen in 
the positive panel of the FK spectrum around the frequency 
axis [12]. After muting linear coherent noises in the FK 
spectrum, as shown in Figure 7, QC was applied before and 
after the FK filter for shot gathers (Figure 8) to ensure that 
linear noises were removed without hurting the primary 
signals. 

 

 
Fig. 6.  Schematic illustrations of common events on a marine shot gather 
(right) and schematic FK spectra of this shot gather (left). 

 
Fig. 7.  QC FK spectrum (a) before and (b) after the muting of linear 
coherent noises. 

C. Swell Noise Attenuation (Deswell) 

Swell noise is the most common noise type in raw marine 
seismic data. It is a form of incoherent noise that has low 
frequencies (2-20Hz), high-amplitude, and can be recognized 
as vertical streaks in seismic data. It is critical to have clean 
results, as swell noise's high-amplitude characteristics might 

obscure the seismic signal. It is caused by changes on the ocean 
surface over extended periods, such as wind-driven 
longitudinal sea surface waves and dynamic pressure variations 
along the streamer [13]. 

 

 
Fig. 8.  QC shot gathers (a) before the FK filter, (b) after the FK filter, and 
(c) difference. 

A bandpass filter is not recommended to remove swell 
noise as it could hurt the seismic signal. The Deswell technique 
uses time-frequency filtering to preserve the seismic signal and 
attenuate the swell noises. Once the seismic data are converted 
into the frequency domain, the seismic signals are disconnected 
from the swell noise because of their different frequencies. It 
should provide a threshold factor to estimate the amplitude and 
frequency thresholds for noise detection and find which seismic 
traces are contaminated with the swell noises. Then, the filter is 
applied using frequency bands interpolated from seismic traces 
to remove the swell noises [14]. The Deswell technique was 
applied with the following optimum parameters: threshold 
range: 15-5 and window in traces: 30-50, to remove the low-
frequency swell noise as shown in shot gathers in Figure 9. 

 

 
Fig. 9.  QC shots (a) before Deswell, (b) after Deswell, and (c) difference. 

IV. RESULTS AND DISCUSSION 

By checking the field record, different types of noise were 
detected: mono-frequency noise, low-frequency noise, linear 

                          (a)                                                         (b) 

                   (a)                                       (b)                                     (c)               

                   (a)                                       (b)                                     (c)               
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coherent noise, and swell noise. These noises degrade the 
quality of the seismic data, cause several difficulties during the 
interpretation of the subsurface, and obscure the geological 
structure and stratigraphy of the subsurface. The noise 
reduction techniques used in this study did not affect the 
seismic bandwidth. At first, notch and low-cut filters were used 
to remove the mono-frequency and low-frequency noise 
respectively. Afterward, the FK filter was applied to remove 
linear coherent noise, and then the swell noise was attenuated 
by the Deswell technique. Different types of noise were 
removed by the integrated noise attenuation techniques as 
shown in Figure 10. 

 

 
Fig. 10.  QC stacks (a) before and (b) after integrated noise attenuation. 

V. CONCLUSION 

As it is impossible to prevent recording noises during 
seismic data acquisition, the attenuation of all noises from the 
seismic data is essential to (1) improve the seismic data 
resolution, (2) enhance the signal-to-noise ratio, and (3) avoid 
confusion in structural and stratigraphic seismic data 
interpretation and environmental hazard evaluation. Knowing 
how noise works is crucial, as it allows selecting the best 
method to remove the unwanted signal depending on its unique 
features. The notch filter was used to remove power line 
harmonic noises (mono-frequency noises). Low-frequency 
noises were removed by a low-cut filter. The FK filter was used 
to eliminate the coherent noise caused by the ship's propeller 
while maintaining the frequency content of the marine seismic 
data. The Deswell technique was applied to remove swell 
noise, which has high-amplitude and low-frequency 
characteristics. Shallow marine seismic data from the Baltic 
Sea showed the validity of these noise attenuation techniques.  
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Abstract—The largest coastal aquifer in northwestern Cyprus is 
the Morphou aquifer. The objective of the current study was to 

evaluate the quality of the groundwater and its suitability for 

drinking purposes in the Morphou (Güzelyurt) region, Cyprus. 

To realize this aim, 118 groundwater samples were collected 

during wet and dry seasons over a period of 11 years. Major 

physicochemical characteristics (electrical conductivity, pH, 

bicarbonate, calcium, magnesium, chloride, and total and 
carbonate hardness) were measured and analyzed. The 

assessment of groundwater quality was evaluated with the help of 

the Water Quality Index (WQI). The results demonstrated that 

56% and 50% of the groundwater samples during dry and wet 

seasons respectively were unsatisfactory according to the Cl
-
 

limits of the WHO standard. In addition, approximately 10% of 
the groundwater samples come under class 2 (good water), 30% 

of the samples come under class 3 (fairwater), 13% come under 

classes 4 and 5, and the rest under class 6 (unsuitable for 
drinking). 

Keywords-Morphou; water quality; groundwater level changes; 

groundwater; physicochemical parameters; water quality index 

I. INTRODUCTION  

Groundwater is the main source of water used for multiple 
purposes in arid and semi-arid regions [1-4]. Additionally, due 
to the pollution of surface water bodies, groundwater has 
become an important source to secure the safety of water 
supply [5]. The growth of populations and increasing climate 
variations reduced the groundwater level due to the imbalance 
between groundwater recharge and extraction. This is 
especially true for Cyprus. The island suffers from periodic 
drought due to the general decrease in precipitation [6-8]. Since 
they represent the main source for drinking and irrigation water 
supplies, groundwater resources in Cyprus are of major 

concern about the quality and water supplier’s sustainability. In 
Northern Cyprus, the water resources are categorized into 
groundwater, surface water (dam), and the Turkey-North 
Cyprus water pipeline project [9, 10]. Furthermore, river basins 
and dams are the main surface water resources [11]. As 
mentioned above, groundwater is the main water source in the 
island. Due to the over-pumping rate, the level of the 
groundwater declined and reached 45-50m below sea level [12-
15] and its quality has been reduced due to the saltwater 
intrusion and bedrock contamination [14]. According to [16-
18], the chloride concentration has reached 7000ppm in several 
coastal locations. The Kyrenia mountain aquifer, Morphou 
(Güzelyurt) aquifer, and Gazimağusa aquifer are considered the 
main aquifers of Northern Cyprus. Morphou aquifer is the 
largest coastal aquifer, which provides water for irrigation and 
municipal purposes. Additionally, according to [9, 19-21], 
overexploitation is the main drive for the decline in the 
groundwater level below sea level in some sites in the region 
[9, 19]. In general, the agriculture sector is important in the 
selected region [22-24]. In Northern Cyprus, the total 
agricultural area and the total irrigated area are about 187069 
ha and 9714 ha respectively [9]. Moreover, agricultural 
production has decreased and crop yield has been reduced due 
to the poor water quality and changes in rainfalls. Thus, the 
study area is currently facing significant water challenges.  

Determining the status of groundwater for drinking 
purposes using the Water Quality Index (WQI) in Morphou 
aquifer is the main aim of the current paper. In this study, 118 
groundwater samples were collected and their physicochemical 
characteristics were analyzed. The results are compared with 
the WHO water quality standard. Figure 1 illustrates the 
flowchart of the current study.  
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Fig. 1.  Flowchart of the procedure followed in the current study. 

II. MATERIALS AND METHODS 

A. Study Area and Sample Collection  

Figure 2 shows the location of the Morphou region, which 
covers an area of 381km2 and has average altitude of 45m 
above sea level.  

 

 
Fig. 2.  Cyprus map and location of the Morphou region. 

In the present study, the data of 118 wells, distributed over 
the selected region, have been used to analyze the static 
groundwater level and quality in the region (Figure 3). The data 
were measured during two seasons (recharge season, April, 
May, and June, and charge season, November, December, and 
January). The study data cover a period from 2006 to 2016. 
The physicochemical properties (electrical conductivity, pH, 
bicarbonate, calcium, magnesium, chloride, and hardness in 
terms of total hardness and carbonate hardness) were analyzed 
and evaluated. The collected water samples were examined by 
following the standard methods. Generally, the groundwater 

samples were collected with 1L polythene bottles and their 
physicochemical characteristics were analyzed. The sample 
bottles were washed with distilled water before sample 
collection. The instrumental and volumetric methods utilized to 
measure the physicochemical properties are listed in Table I. 
The temperature of each sample was measured using a 
common mercury thermometer. 

 

 
Fig. 3.  Map sample locations, prepared with ArcGIS 10. 

TABLE I.  INSTRUMENTAL AND VOLUMETRIC METHODS USED IN 

THE CHEMICAL ANALYSIS OF GROUNDWATER SAMPLES 

Parameter Unit 
Method/ 

instrument 
Reagents 

pH - pH meter pH 4, 7, and 9.2 (buffer solutions) 

EC �S/cm EC meter Potassium chloride 

HCO3 mg/l Volumetric 
Hydrosulfuric acid, phenolphthalein, and 

methyl orange 

Ca
2+
 mg/l Volumetric EDTA, sodium hydroxide, and murexide 

Mg
+2
 mg/l 

Calculation 
(TH-Ca2+) 

- 

Cl- mg/l Argentometric Silver nitrate, potassium chromate 

 

B. Correlations between the Physicochemical Parameters 

The interrelationships between physicochemical variables 
were examined using Pearson product-moment correlation 
followed by a parametric method for normal distribution. 
According to [25], Pearson's correlation coefficient (R) can be 
estimated using (1). Moreover, the data are standardized with 
(2).  

� � ∑ ��� ��	
�
� ��� � �	
 � � 1
⁄ ����    (1) 

� � ���̅
�     (2) 

where �	 , �	 , �� , �� are the sample means and standard 

deviations of �� , ��, � � 1,… , , � is the initial data value, and 
�̅  and �  are the average and standard deviation of data 
respectively. Correlation coefficients and P-values were 
calculated with Minitab 17 software. 

C. Water Quality Index (WQI) 

Several studies have classified groundwater with the help of 
WQI [26, 27] as shown in Table II. The WQI calculation was 
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carried out using a weighted arithmetic index as shown below 
[29].  

Water quality rating is calculated as: 

�� � �����������
 ! 100   (3) 

where �� is the water quality rating for the n
th
 parameter, #� is 

the observed value of the nth parameter, ��  is the standard 
permissible value of the nth parameter, and #� is its ideal value.  

The unit weight ($�) for each water quality parameter is 
determined by:  

$� � %
	'�

    (4) 

where $�  is the unit weight of the nth parameter, 		(�  is its 
standard value, and )  is constant proportionality, which is 
calculated using the below equation:  

) � *
∑* 	'�⁄     (5) 

The overall WQI is estimated by: 

WQI � ∑.�/�
∑/�

    (6) 

TABLE II.  CLASSES PROPOSED FOR WQI FOR DRINKING (WQID) [28] 

Class Range Type of groundwater 

1 <25 Excellent water 

2 25-50 Good water 

3 50-75 Fairwater 

4 75-100 Poor water 

5 100-150 Very poor water 

6 >150 Unsuitable for drinking/irrigation 
 

III. RESULTS  

A. Physicochemical Parameters of the Selected Wells 

Table III summarizes the descriptive statistics of the 
analyzed variables of the collected samples. The groundwater 
temperature is within the range of 20-250 for both wet and dry 
seasons. 

1) pH  

Generally, pH is an essential indicator that can be utilized 
for evaluating water quality and contamination degree in water 
bodies [30]. As shown in Table III, the pH value of most 
groundwater samples varied from 6.4 to 8.3 with an average 
value of 7.7 for the dry season. Regarding the wet season, the 
pH value of groundwater samples ranged from 7.1 to 8.3 with 
an average value of 7.7. Based on the findings, the groundwater 
in the selected region is slightly acidic to alkaline in nature.   

2) Electrical Conductivity (EC)  

EC is another important property that measures the ions 
present in the water. There is a strong relationship between EC 
and Total Dissolved Solids (TDS) [30, 31] and a relationship 
with salinity [32]. In the present study, EC ranges from 604.0 
to 8690.0μS/cm for both seasons (see Table III). Table IV 
presents the classification of EC ranges and types. Thus, for the 
dry season, 55% of the total groundwater samples come under 

type I, 24% under type II, and 21% under type III, as shown in 
Figure 4. During the wet season, 54% of the groundwater 
samples come under type I, 23% under type II, and 23% under 
type III. 

TABLE III.  PHYSICOCHEMICAL PARAMETER STATISTICS RESULTS 

Variable 
Dry season WHO 

standard Mean SD Minimum Maximum 

EC [μS/cm] 2132.0 1769.0 606.0 8690.0 500 

pH [-] 7.7 0.2 7.1 8.3 6.5-8.5 

Temperature [0 ] 24.6 0.4 22.5 25.0 - 

CO3 [mg/l] 5.8 21.6 0.0 233.0 - 

HCO3 [mg/l] 281.2 95.5 137.3 621.5 500 

TH [mg/l] 685.0 1089.0 84.0 9371.0 - 

CH [mg/l] 240.9 92.5 126.7 761.4 - 

Ca
2+
 [mg/l] 131.3 204.1 15.5 1620.0 75 

Mg
+2
[mg/l] 86.7 139.2 10.8 1252.7 50 

Cl
-
 [mg/l] 593.9 940.8 65.9 8317.1 250 

Variable 
Wet season WHO 

standard Mean SD Minimum Maximum 

EC [μS/cm] 2088.0 1650.0 604.0 7873.0 500 

pH [-] 7.7 0.2 7.1 8.3 6.5-8.5 

Temperature [0 ] 25.0 0.1 24.2 25.7 - 

CO3 [mg/l] 4.0 4.9 0.0 39.1 - 

HCO3 [mg/l] 270.0 83.9 127.0 562.8 500 

TH [mg/l] 654.0 1089.0 74.0 9650.0 - 

CH [mg/l] 228.5 78.1 132.5 632.1 - 

Ca
2+
 [mg/l] 133.3 207.7 15.5 1622.8 75 

Mg
+2
[mg/l] 84.2 150.4 6.4 1317.9 50 

Cl
-
 [mg/l] 579.3 912.9 64.4 8200.6 250 

TABLE IV.  EC CLASSIFICATION [33] 

Range Type 

<1500μS/cm Type I (the enrichments of salt are low) 

1500-3000μS/cm Type II (the enrichments of salt are medium) 

> 3000μS/cm Type III (the enrichments of salt are high) 

 

 
Fig. 4.  EC values of the groundwater samples during wet and dry season. 

3) Chloride (23�) 

It is commonly found in nature as sodium, potassium, and 
calcium salts. Both natural and human factors contribute to the 
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presence of chloride in groundwater [34]. The results show that 
the Cl�concentration in the collected samples varied from 64.4 
to 8317.1mg/l as shown in Table III. In general, Cl� 
concentrations above about 250mg/l can give a detectable taste 
in water. Cl� is mainly derived from non-lithological sources 
and its solubility is generally high.  

4) Calcium (Ca2+) and Magnesium (Mg+2)  

They are important parameters for evaluating water quality. 
Ca2+ and Mg+2 have a direct relationship with hardness [35]. 
The results showed that the Ca2+ and Mg+2 in groundwater 
samples are within the range of 15.5-1622.8mg/l and 6.4-
1317.9mg/l respectively. Additionally, it was found that the 
majority of the samples have a higher concentration of Ca

2+
 

and Mg+2 compared to the safety limits of the WHO standard.   

5) Total Hardness and Carbonate Hardness  

Ca
2+
 and Mg

+2
 are the principal ions responsible for Total 

Hardness (TH). The observed value of TH in the samples lies 
between 84.0 and 9371.0mg/L as shown in Table III. Table V 
shows the classification of TH values. According to this, during 
the dry season, approximately 52% of the groundwater samples 
come under the very hard category, 34% fall in the hard 
category, and 14% fall under the moderate category, with no 
samples belonging to the soft category (Figure 5). Similarly, 
for the wet season, 49% of the samples come under the very 
hard category, 36% under the hard category, 15% under the 
moderate category, and 1% under the soft category. Carbonate 
Hardness (CH) is a measure of the water hardness caused by 
the presence of carbonate (CO7�8) and bicarbonate (HCO7� ) 
anions. The observed value of CH ranges from 10 to 3120mg/l. 

6) Standard Deviations in the Geochemistry of Groundwater 

The Standard Deviations (SDs) of the chemical parameters 
are shown in Table III. EC and TH have the highest SDs, 
followed by Cl-.  

B. Interrelations of Physicochemical Parameters 

To show the relationship between the physicochemical 
parameters, the correlation coefficient (r) model was used 
(Table VI). For the dry season, it was found that EC shows 
strong positive correlation with pH (-0.551), HCO3 (0.708), TH 
(0.847), CH (0.728), Ca

2+
 (0.866), Mg

+2
 (0.814), and Cl

-
 

(0.847). For the wet season, EC has a strong positive 
correlation with pH, CO3, HCO3, TH, CH, Ca2+, Mg+2, and Cl-. 
This indicates that the groundwater is mainly controlled by 
Ca

2+
, Mg

+2
, and Cl

-
, which depend on anthropogenic activities 

and mineral solubility, water flow path conditions, and 
topographical features. The T (sample temperature) has a good 
correlation with CO3 (-0.335) and HCO3 (0.259) for the dry 
season. It is noticed that there is no relationship between the 
chemical parameters and temperature samples for the wet 
season. In addition, it is found that the TH is in good positive 
correlation with CH, Ca2+, Mg+2, and Cl-. Also, the Ca2+ has a 
good positive correlation with Cl- and Mg+2, while Mg+2 has a 
significant positive correlation with Cl

-
, reflecting the 

influences of Ca
2+
 and Mg

+2 
bearing minerals, in addition to the 

sources of anthropogenic and marine origin. 

 

 
Fig. 5.  TH values of the groundwater samples. 

TABLE V.  TH CLASSIFICATION [36] 

Range Type 

<75mg/l Soft 

75-150 mg/l Moderate 

150-300 mg/l Hard 

< 300 mg/l Very hard 
 

C. Suitability of Groundwater Quality for Drinking  

In general, it is observed that the groundwater is free of 
color, odor and turbidity in the field. The physicochemical 
characteristics of the collected samples regarding its drinking 
suitability are shown in Table VII. Based on the previous 
sections, the pH value, which ranges between 6.4 and 8.3 with 
an average of 7.7 for both seasons, indicates that all the 
collected samples are within the safe limit specified by the 
WHO standard. As shown in Table VIII, 78% and 68% of the 
samples are above the TH specification during dry and wet 
seasons respectively. According to [37], hardness is an 
essential factor for estimating the water usability for drinking 
and other domestic purposes. Moreover, the Ca

2+ 

concentrations indicate that about 40% of the samples are 
above the Ca2+  specification of the WHO standard. The 
concentration of Mg

+2
 indicated that 60% of the samples were 

below the safe water limit of 30mg/l. Mortality rates for 
cardiovascular diseases are associated with a deficit of Ca2+ and 
Mg+2 in drinking water [37-39]. Furthermore, bicarbonate is a 
major element in groundwater chemistry and the human body 
and may result from the weathering of silicate minerals [40]. It 
is observed that the HCO3 concentration of about 32% of the 
samples was more than 300mg/l. Generally, the high 
concentration of HCO3 can lead to the emergence of kidney 
stones in the presence of a higher concentration of Ca

2+
 [33]. 

The results demonstrated that 56% and 50% of the groundwater 
samples during dry and wet seasons were unsatisfactory 
according to the Cl- specifications of WHO. 
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TABLE VI.  THE CORRELATION COEFFICIENT OF THE ANALYZED PHYSICOCHEMICAL GROUNDWATER PARAMETERS FOR BOTH SEASONS 

D
ry
 S
e
a
so
n
 

  
EC pH T CO3 HCO3 TH CH Ca2+ Mg+2 Cl- 

EC 
Pearson Correlation 1 -0.551** 0.082 0.03 0.708** 0.847** 0.728** 0.866** 0.814** 0.847** 

Sig. (2-tailed) 
 

0 0.379 0.75 0 0 0 0 0 0 

pH 
Pearson Correlation  1 -0.222* -0.05 -0.618** -0.436** -0.584** -0.448** -0.424** -0.449** 

Sig. (2-tailed)  
 

0.017 0.611 0 0 0 0 0 0 

T 
Pearson Correlation   1 -0.335** .0259** 0.021 0.167 0.072 0.001 0.01 

Sig. (2-tailed)     0.005 0.825 0.074 0.44 0.993 0.916 

CO3 
Pearson Correlation     0.011 0.004 -0.01 -0.01 0.016 0.023 

Sig. (2-tailed)     0.908 0.963 0.954 0.955 0.865 0.805 

HCO3 
Pearson Correlation     1 0.504** 0.866** 0.523** 0.473** 0.511** 

Sig. (2-tailed)     
 

0 0 0 0 0 

TH 
Pearson Correlation      1 0.733** 0.982** 0.990** 0.983** 

Sig. (2-tailed)      
 

0 0 0 0 

CH 
Pearson Correlation       1 0.719** 0.724** 0.750** 

Sig. (2-tailed)       
 

0 0 0 

Ca
2+
 

Pearson Correlation        1 0.954** 0.968** 

Sig. (2-tailed)        
 

0 0 

Mg
+2
 

Pearson Correlation         1 0.976** 

Sig. (2-tailed)         
 

0 

Cl- 
Pearson Correlation          1 

Sig. (2-tailed)          
 

W
et
 S
e
a
so
n
 

EC Pearson Correlation 1.0 -0.673** 0.0 -0.321** 0.717** 0.788** 0.747** 0.844** 0.765** 0.805** 

 Sig. (2-tailed)  0 1.0 0.001 0.0 0 0 0 0 0 

pH Pearson Correlation  1 -0.1 0.523** -0.637** -0.503** -0.625** -0.539** -0.471** -0.527** 

 Sig. (2-tailed)   0.5 0 0.0 0 0 0 0 0 

T Pearson Correlation   1 -0.133 0.0 -0.145 -0.13 -0.105 -0.149 -0.138 

 Sig. (2-tailed)    0.164 0.6 0.129 0.175 0.271 0.118 0.148 

CO3 Pearson Correlation    1 -0.206* -0.249** -0.138 -0.274** -0.236* -0.258** 

 Sig. (2-tailed)     0.0 0.008 0.147 0.004 0.013 0.006 

HCO3 Pearson Correlation     1. 0.548** 0.939** 0.566** 0.529** 0.598** 

 Sig. (2-tailed)      0 0 0 0 0 

TH Pearson Correlation      1 0.709** 0.982** 0.985** 0.982** 

 Sig. (2-tailed)       0 0 0 0 

CH Pearson Correlation       1 0.703** 0.689** 0.752** 

 Sig. (2-tailed)        0 0 0 

Ca
2+
 Pearson Correlation        1 0.966** 0.956** 

 Sig. (2-tailed)         0 0 

Mg
+2
 Pearson Correlation         1 0.962** 

 Sig. (2-tailed)          0 

Cl- Pearson Correlation          1 

 Sig. (2-tailed)           

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

 

TABLE VII.  GROUNDWATER QUALITY CRITERIA FOR DRINKING  

Variable 
WHO 

(2011) 

% of samples exceeding the safe limit 

Dry season Wet season 

EC [μS/cm] 1000 68% 66% 

pH [-] 6.5-8.5 0% 0% 

HCO3 [mg/l] 120 100% 100% 

TH [mg/l] 200 78% 68% 

Ca2+ [mg/l] 75 41% 40% 

Mg+2[mg/l] 50 42% 41% 

Cl- [mg/l] 250 56% 50% 

 

D. Water Quality Index 

Groundwater quality and its suitability for drinking were 
assessed with the WQI method. Five parameters (pH, TH, Ca

2+
, 

Mg+2, and Cl-) were taken into account for the calculation of 

the WQI and the WHO drinking water standards were 
considered.  

TABLE VIII.  RELATIVE WEIGHTS OF CHEMICAL PARAMETERS 

Parameters 
WHO standard 

(2011) 
Weight 

Relative 

weight 

EC [μS/cm] 1000 4.00 0.235 

HCO3 [mg/l] 120 1.00 0.059 

TH [mg/l] 200 3.00 0.176 

Ca2+ [mg/l] 75 3.00 0.176 

Mg+2[mg/l] 50 3.00 0.176 

Cl- [mg/l] 250 3.00 0.176 

Sum  24.00 1.000 
 

Weighted values were set according to the relative 
importance of groundwater parameters in drinking water 
quality. Chloride was given the maximum weight of 5, as it 
plays the most significant role in water quality assessment. The 
other parameters were assigned weights between 1 and 5 
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depending on their importance in water quality determination. 
The computed $�  values for groundwater parameters are 
presented in Table VIII. WQI values were computed and the 
water quality types for each sample location are given in Table 
IX. It is found that approximately 10% of the groundwater 

samples come under class 2 (good water), 30% of the samples 
come under class 3 (fairwater), 13% of groundwater samples 
come under class 4 and 5, and the rest of the groundwater 
samples under the class 6 (unsuitable for drinking). 

TABLE IX.  GROUNDWATER QUALITY INDEX CLASSIFICATION OF THE SAMPLES BASED ON WQI FOR BOTH SEASONS 

Site name WQI Water quality category Site name WQI Water quality category 

4043 Morphou 42.69 Good 555 Bostanci 80.16 Poor 

2318 Akçay 44.76 Good 2472 Morphou 83.94 Poor 

4030 Morphou 44.90 Good 5011 Aydinköy 85.52 Poor 

345 Morphou 45.65 Good 2434 Aydinköy 85.67 Poor 

2328 Morphou 47.70 Good 2404 Aydinköy 86.81 Poor 

1790 Morphou 47.82 Good 588 Bostanci 89.79 Poor 

349 Morphou 48.05 Good 2424 Aydinköy 92.13 Poor 

350 Morphou 48.43 Good 578 Günesköy 93.19 Poor 

5043 Akçay 48.79 Good 4550 Doganci 93.40 Poor 

2356 Bostanci 49.14 Good 415 Morphou 94.82 Poor 

593 Morphou 49.38 Good 1004 Sahinler 94.87 Poor 

2407 Morphou 49.71 Good 2321 Bostanci 98.94 Poor 

1741 Akçay 50.74 Fair 532 Morphou 100.84 Very poor 

2326 Bostanci 50.76 Fair 1780 Bostanci 102.77 Very poor 

2490 Zümrütköy 50.98 Fair 4548 Doganci 106.48 Very poor 

1742 Akçay 51.14 Fair 4517 Doganci 106.64 Very poor 

2336 Morphou 51.37 Fair 4520 Doganci 110.05 Very poor 

372 Morphou 52.52 Fair 4516 Doganci 110.12 Very poor 

4310 Morphou 52.81 Fair 586 Bostanci 111.35 Very poor 

594 Bostanci 53.04 Fair 529 Morphou 120.26 Very poor 

367 Morphou 53.52 Fair 4288 Cengizköy 130.44 Very poor 

2400 Morphou 53.99 Fair 525 Morphou 133.71 Very poor 

369 Morphou 54.32 Fair 1836 Morphou 134.23 Very poor 

5042 Morphou 55.33 Fair 615 Aydinköy 135.80 Very poor 

411 Morphou 55.98 Fair 2343 Bostanci 137.36 Very poor 

2398 Morphou 56.77 Fair 533 Günesköy 138.53 Very poor 

558/b Bostanci 57.03 Fair 4547 Doganci 141.69 Very poor 

4270 Günesköy 57.22 Fair 4026 Kalkanli 158.11 Unsuitable for drinking 

390 Morphou 59.09 Fair 287 Morphou 159.05 Unsuitable for drinking 

1005 Sahinler 59.16 Fair 1763 Kalkanli 160.97 Unsuitable for drinking 

577 Günesköy 60.85 Fair 295 Morphou 162.89 Unsuitable for drinking 

5018 Sahinler 61.55 Fair 115 Aydinköy 168.81 Unsuitable for drinking 

2473 Morphou 61.56 Fair 2345 Morphou 172.51 Unsuitable for drinking 

2294 Bostanci 62.80 Fair 1793 Morphou 178.14 Unsuitable for drinking 

589 Bostanci 62.97 Fair 1694 Kalkanli 183.99 Unsuitable for drinking 

418 Morphou 63.47 Fair 292 Kalkanli 189.83 Unsuitable for drinking 

339 Morphou 63.72 Fair 2346 Morphou 195.88 Unsuitable for drinking 

2429 Bostanci 64.08 Fair 318 Morphou 201.06 Unsuitable for drinking 

2453 Morphou 66.78 Fair 5041 Morphou 201.79 Unsuitable for drinking 

2338 Morphou 67.84 Fair 2392 Kalkanli 202.35 Unsuitable for drinking 

517 Morphou 68.26 Fair 311 Morphou 207.47 Unsuitable for drinking 

2412 Bostanci 69.79 Fair 319 Morphou 207.47 Unsuitable for drinking 

4029 Morphou 70.21 Fair 300 Kalkanli 211.82 Unsuitable for drinking 

2399 Bostanci 70.32 Fair 4002 Aydinköy 221.72 Unsuitable for drinking 

385 Morphou 70.45 Fair 288 Kalkanli 230.76 Unsuitable for drinking 

4521 Doganci 71.14 Fair 1764 Morphou 241.35 Unsuitable for drinking 

2317 Akçay 73.48 Fair 2391 Kalkanli 267.67 Unsuitable for drinking 

524 Morphou 75.96 Poor 645 Aydinköy 269.11 Unsuitable for drinking 

2320 Günesköy 77.90 Poor 120 Aydinköy 271.97 Unsuitable for drinking 

5012 Aydinköy 79.20 Poor 617 Aydinköy 282.65 Unsuitable for drinking 

633 Aydinköy 286.50 Unsuitable for drinking 542 Morphou 454.55 Unsuitable for drinking 

806 Morphou 296.12 Unsuitable for drinking 548 Morphou 471.40 Unsuitable for drinking 

646 Aydinköy 305.99 Unsuitable for drinking 1676 Morphou 495.66 Unsuitable for drinking 

5081 Kalkanli 314.14 Unsuitable for drinking 466 Morphou 509.60 Unsuitable for drinking 

107 Günesköy 316.60 Unsuitable for drinking 2450 Morphou 532.79 Unsuitable for drinking 

2172 Kumköy 329.49 Unsuitable for drinking 5 Kumköy 672.73 Unsuitable for drinking 

644 Aydinköy 370.90 Unsuitable for drinking 423 Morphou 708.33 Unsuitable for drinking 

536 Günesköy 409.99 Unsuitable for drinking 8 Kumköy 1828.98 Unsuitable for drinking 
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IV. DISCUSSION 

Groundwater is the main water source for drinking and 
agricultural and domestic purposes in the selected region. The 
quality of water was evaluated using WQI. To the best of our 
knowledge, no study has been conducted on the groundwater of 
the region with the use of WQI. Based on the groundwater 
analysis, it has been possible to understand the geochemical 
groundwater quality in Morphou and to evaluate its suitability 
for drinking purposes. The groundwater quality was evaluated 
along with the coastal aquifers of the Morphou region. 
Agricultural activities in Northern Cyprus are carried out 
mainly in the selected area. The results indicated that the 
groundwater in the selected region is slightly acidic to alkaline 
in nature. Similar results have been reported in previous studies 
[41, 42]. 

Additionally, the results demonstrated that the 
concentration of Cl- in groundwater is above the minimum 
limit of the WHO standard, due to the agricultural activities 
that take place in the area [43]. Based on this finding, the 
majority of groundwater samples demonstrated that the 
concentration of Ca2+ and Mg+2 above the chloride indicated 
seawater intrusion into coastal aquifers [44]. According to [9, 
16, 21], the groundwater level reached the mean level of the 
sea in some sites due to over-pumping. In addition, the amount 
of salt contamination is within the range of 1000-5000mg/g [9]. 
Moreover, the concentration of Ca2+ and Mg+2 in the majority 
of the groundwater samples did not meet the acceptable limits 
for drinking water. According to [45-47], the high amount of 
Ca

2+
 in the groundwater is attributed to cation exchange 

between minerals. Besides, the higher amount of Mg
+2
 than 

that of Ca2+ is attributable to the effects of ferromagnesium 
minerals present in the rocks of the region [48]. Moreover, it is 
found that the values of TH and CH are within the range of 
84.0-9371.0mg/l and 10-3120 mg/l respectively. According to 
[49], the groundwater’s suitability is dependent on the result of 
an increase in the concentration of carbonate and bicarbonate 
more than the sum of the calcium and magnesium content of 
the water. In the end, the results demonstrated that the majority 
of the groundwater samples are not suitable for drinking. 

V. CONCLUSIONS  

Periodic assessment of the quality of drinking water sources 
is necessary to ensure the quality and security of the water 
supply. Consequently, the present study evaluated the 
groundwater quality for drinking water supply in the Morphou 
region based on the WQI. To achieve this, 118 samples of 
groundwater were collected seasonally during the period from 
2006 to 2016 and the main physical and chemical properties 
were analyzed. It was found that the pH value of most of the 
groundwater samples varied from 6.4 to 8.3 and from 7.1 to 8.3 
during dry and wet seasons respectively. Additionally, based on 
EC classification, the results indicate that 55% of the majority 
of groundwater samples come under type I, 24% under type II, 
and 22% under type III during both seasons. Moreover, the 
results indicated that the TH values varied from 84.0 to 
9371.0mg/L and approximately 50% of the groundwater 
samples come under the very hard category. Thus, the 
groundwater is characterized by higher concentrations of TH, 

HCO3, and Cl
− and is not safe. Furthermore, it is found that 

approximately 10% of the groundwater samples come under 
class 2 (good water), 30% of the samples come under class 3 
(fairwater), 13% of groundwater samples come under class 4 
and 5 and the rest of the groundwater samples are unsuitable 
for drinking.  

In the current study, there was no consideration of 
groundwater level and climate parameters, particularly rainfall. 
Thus future research should focus on the investigation of the 
relationship between groundwater level, groundwater quality, 
and climate parameters using machine learning models and 
GIS.  
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Abstract-In the current study, the up to failure behavior of the 

Hybrid Castellated Beams (HCBs) is predicted with the use of a 

developed Finite Element (FE) model. Both material and 

geometric nonlinearities are considered in the numerical 

simulations. The accuracy of the FE model was validated using 

the experimental test results presented in the literature. The 

results of the FE analysis had a close agreement with the 

experimental work in predicting the failure load and failure 
mode pattern. A parametric study was conducted to investigate 

the influence of some parameters on HCBs’ ultimate strength. 

These parameters included slenderness of compression flange, 

beam span-to-depth ratio, and laterally unbraced length of 

compression flange. A design formula is proposed to estimate the 

inelastic lateral-distortional strength of both homogeneous and 
hybrid material castellated beams. 

Keywords-castellated beams; finite element analysis; failure 

load; lateral-distortional; unbraced length; slenderness  

I. INTRODUCTION  

Beams with web openings have been widely involved in 
various large-scale steel structure projects such as hyper 
markets, car parking buildings, and storage facilities. The 
economic cost and the authentic appearance in addition to the 
provided facility to pass the services through web openings, 
have encouraged the designers to involve these opened-web 
steel elements in their designs. The utmost number of carried 
out researches on hot-rolled steel elements are directed to 
plain-web elements either in a simple beam or in a frame 
system as presented in [1-5]. On the other hand, during the last 
two decades, extensive studies focused on the investigation of 
the performance of perforated-web beams fabricated from hot-
rolled elements. Many researchers focused on the 
determination of the loading capacity of bar steel opened-web 
beams [6-12] and steel-concrete composite opened-web beams 
[13-17], whereas the possible instability failure modes of 
perforated-web beams were highlighted in [18-22]. 

Recently, various endeavors have been made to improve the 
performance of steel beams. One of these efforts was to 
increase the depth of the I-profile steel beam by cutting its web 
in a special pattern and re-welding the two split parts to form 

what is known as the Castellated Beam (CB) or perforated-web 
beam. The load strength of CBs could be increased by utilizing 
a higher-grade steel material for the entire beam. However, 
higher-grade steel can be specified only for certain parts of the 
steel beam forming what is known as a hybrid beam. 
Commonly, higher-grade steel is used for flanges whereas 
relatively lower-grade is used for web plates. Since CB is a 
combination of two welded rolled beam halves, it is very 
convenient to combine two alternate halves from two different 
rolled beams, each with a specific steel grade to form an HCB. 
This method causes no losses of steel materials and, in the 
same time, may raise the CB load strength. Concerning hybrid 
steel beams, most of the carried out studies focused on the 
performance of hybrid solid-web beams [23-26]. A simple 
design formula was suggested to determine the bending 
resistance of hybrid beams in [27]. The flexure strength and the 
ductility of hybrid high-performance beams, have been 
evaluated in [28]. An analytical method for determining the 
biaxial bending stress through the unsymmetrical hybrid beams 
was proposed in [29]. The distortional buckling capacity of 
built-up-cold-formed hybrid double-I-box beams was 
experimentally and numerically investigated in [30]. 
Furthermore, it has been demonstrated that the flexure strength, 
rotation capacity, and failure mode pattern of a simply 
supported hybrid beam are substantially affected by the applied 
moment, whether gradient or uniform [30]. One of the earlier 
recorded research projects in HCBs, was [31]. In that study, 
hybrid beams with one rectangular web opening at mid-span 
failed due to the flexural deformation. After a while, the same 
researchers introduced an analytical solution for calculating the 
bending strength of both homogeneous and HCBs [32]. 
However, less attention, if any, has been paid in reviewing the 
performance of HCBs fabricated by welding two halves of I-
profile beams with different grade materials. 

This study focuses on the evaluation of the load strength of 
HCBs formed from two I-profile beams of different steel 
grades. FE analysis was utilized to investigate the behavior of 
HCBs. The developed FE model was calibrated with the 
experimental results from the relevant literature. The results of 
the FE model agree with the experimental results. This gave a 
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strong confidence to employ the validated FE model in 
predicting the ultimate load strength of HCBs. Furthermore, the 
developed FE model has been utilized to apply a parametric 
study to examine the effect of certain parameters on the 
strength of HCBs. The considered parameters were slenderness 
ratio of compression flange, beam-span-to-depth ratio, and 
laterally unbraced length of compression flange. 

II. FINITE ELEMENT MODELING 

A 3D FE model was developed in ABAQUS [33], to study 
the behavior of CBs. Flanges, web, and support stiffeners of 
CBs were modeled using the four-node general-purpose 
doubly-curved shell elements with reduced integration, S4R. 
The mid-span point load was applied through a steel block of 
100×100×40mm to avoid any kind of stresses concentration at 
the point of load application. The external steel block was 
modeled using C3D8R elements and it was connected to the 
top flange through the surface-to-surface contact option 
available in ABAQUS. Small sliding contact interface was 
applied between the bottom surface of the steel block and the 
top surface of the top flange and a 0.2 friction coefficient was 
applied between the two contacted surfaces. The end beam 
vertical support was modeled by restraining a line of nodes at 
the bottom flange, located at the beam end-support, from the 
translation in both vertical and lateral directions. The nodes of 
beam flanges, at a distance of 165mm from the end-support, 
were precluded against any lateral translation. The steel block 
was rigidly constrained to a reference point positioned at its top 
surface center. This assigned reference point was restrained not 
to move in the two horizontal directions. Both material and 
geometric nonlinearities were considered in the FE analysis. 
Steel was modeled as elastic-plastic with strain hardening. 
Young’s modulus, E, of 210GPa and Poisson’s ratio, ν, of 0.3 
were used to model the elastic material behavior. The true 
stress-strain was considered to represent the material 
nonlinearity. The initial geometric imperfection was introduced 
to the FE model by scaling the first eigenmode obtained from 
the conducted elastic buckling analysis by a factor of Lb/1000, 
where Lb is the effective laterally unbraced length of the 
compression flange [34]. 

III. VALIDATION OF THE FINITE ELEMENT MODEL 

In order to validate the developed FE model, the acquired 
FE results were compared to those of previously tested beams 
in the literature. Six simply supported beams tested in [22] 
were numerically simulated using the present FE model. The 
results of tensile coupon tests [22] were converted to true 
stress-strain values to represent the material nonlinearity 
behavior. Figure 1 depicts the conducted comparison between 
the results of FE analysis and the tested specimen C210-3600. 
The first and second numbers refer to the section height and 
beam’s span length respectively. The results are presented in 
terms of load to lateral displacement. In the experimental 
program, the lateral displacements were recorded at three 
points along the mid-span section, namely T4, T5, and T6 to 
represent respectively top, middle, and bottom of the 
considered section. The developed deformations at the end of 
the experimental test and at the ultimate load of FE analysis of 
the specimen C210-4400 are compared in Figure 2. Table I 
exhibits the numerically and experimentally achieved ultimate 

loads for all tested specimens. The applied comparison 
indicates that the developed FE model can predict the ultimate 
load of all tested CBs. However, the relative discrepancy in 
tracing load to lateral-displacement relation in specimen C210-
3600 attributes to the applied initial geometric imperfection at 
the beginning of the FE analysis. The partial lateral restrains 
provided by the friction developed between the surfaces of 
steel block and top-flange of the tested specimens should be 
added to that. The carried out validation for the developed FE 
model, gives a strong confidence to employ this FE model in a 
parametric study. 

 

 
Fig. 1.  Load-lateral displacement comparison (C210-3600). 

 
Fig. 2.  Resulted deformations of specimen C210-4400 (a) at failure load 

through the test and (b) FE analysis. 

TABLE I.  FE ANALYSIS AND TEST RESULTS COMPARISON 

Specimen Ptest (kN) PFE (kN) PFE / Ptest 

C180-3600 21.58 22.052 1.02 

C180-4400 15.63 16.29 1.04 

C180-5200 25.92
i
 12.926 0.499 

C210-3600 37.22 37.69 1.01 

C210-4400 39.94
ii
 29.788 0.746 

C210-5200 24.9 25.198 1.01 

i Initial geometric imperfections of this tested specimen resulted in a higher 
failure load than the expected value [22]. ii Observed developed frictional 
restraint at the loading point during the test, led to a higher beam strength 

compared to the other tested C210 beams [22].

 

IV. PARAMETRIC STUDY 

The parametric study was carried out to scrutinize the 
performance of CBs fabricated from two different steel grades 
(hybrid beams). Hybrid steel I-beams, are usually built up from 
two flanges with a steel grade higher than that of web plate. 
CBs are typically fabricated from hot-rolled profile by welding 
two components, the top part (CBT) and the bottom part 
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(CBB). One of the economical alternatives to enhance CBs 
load carrying capacity, is to combine the two welded beam 
parts from two I-profiles with different steel grades. The 
current parametric study aims to investigate certain CB 
parameters such as the slenderness ratio of beam flanges, the 
span-to-depth ratio, and the length of unbraced compression 
flange on HCBs ultimate load. The suggested beam layout is 
shown in Figure 3 while the beam section, and the distribution 
of web openings are shown in Figure 4. The proposed CB was 
built up from the UB152×89×16 beam profile. Steel grades 
S275, S355, S420, and S460 [35] were adopted for the 
materials of numerically analyzed beams. Lateral horizontal 
displacement is completely restrained at the point of load 
application. 

 
Fig. 3.  Layout of FE analyzed castellated beam. 

 
Fig. 4.  Opening distribution and section details of an FE analyzed 

castellated beam. 

A. Compression Flange Slenderness 

The slenderness of compression flange has a great impact 
on the ultimate load of CBs. The effect of flange slenderness 
was examined numerically through 7 beam groups, with 4 CBs 
in each group. The CB groups were modeled. The beams in the 
first 3 groups were HCBs and homogeneous in the last 4 
groups. Each group consisted of 4 beams: CB-1, CB-2, CB-3, 
and CB-4. Hybrid beams were formed from two halves, CBT 
and CBB, that appertained to two rolled I-profiles with 
different steel grades. For all hybrid beams, the material of 
CBB was always of grade S275, whereas steel grades S355, 
S420, and S460, were assigned to CBT of the hybrid beam 
groups, Gr-1, Gr-2, and Gr-3 respectively. Steel grades S275, 
S355, S420, and S460 were assigned, in order, as the material 
properties for the last 4 homogeneous beam groups, Gr-4, Gr-5, 
Gr-6, and Gr-7. The compression flange of all CBs was 
laterally restrained only at end supports and at beam mid-span 
point of load application. The results of CBs in the group Gr-4, 
homogeneous CBs of steel grade S275, were used to normalize 
the corresponding beam result within the other beam groups. 

To study the effect of flange slenderness, λf, on the CB 
ultimate load, thickness values of 4, 6, 8, and 10mm were 
assigned to the CB flanges CB-1, CB-2, CB-3, and CB-4 
respectively in each group from Gr-1 to Gr-7. The above 

assigned thickness values of beam flanges, resulted in 
slenderness ratios of 11, 7.4, 5.56, and 4.45 correspondingly. 
The lowest scaled eigenmode, picked up from the conducted 
eigenvalue buckling analysis, was introduced to each FE model 
typifying the initial geometric imperfection. Modified Riks 
method [28] was used to predict the nonlinear response of the 
CBs. The FE models' notation, i.e. All_S275, All_S355, 
All_S420, and All_S460 refer to the analyzed homogeneous 
beams with steel material grades of S275, S355, S420, and 
S460 in order, whereas the notations Top_S355, Top_S420, 
and Top_S460 refer to the FE models of HCBs with CBT 
assigned material grades of S355, S420, and S460 respectively. 

The results of FE analysis are presented in Figures 5 and 6. 
Considering homogeneous CBs, it is conspicuous that using 
higher-grade steel, has increased CB ultimate load. However, 
the influence of the material grade has degraded as the 
compression flange slenderness increased. Likewise, specifying 
higher-grade material to CBT in HCBs, increased the ultimate 
strength of HCBs. Figures 5 and 6 clearly reflect that utilizing a 
higher-grade material, whether for the entire homogeneous 
beam or for the hybrid beam's top half, has almost the same 
effect on the beam's achieved ultimate strength. These results 
can be interpreted by investigating HCB stress distribution by 
approaching failure load. Figure 7 maps the von Mises stress 
distribution of HCB Top_460 at failure load. It can be observed 
that the beam failed in the instability mode of lateral torsional-
distortional buckling. Hence, particular zones of the laterally 
displaced compression flange have achieved the yield stress 
whereas the stress in the bottom flange was still below 
yielding. Therefore, raising the limit of the yield stress of the 
beam’s top-half, increased the entire castellated beam load 
strength. Hence, the failure load of the HCB is only controlled 
by the top compression flange. The analyzed HCBs with a steel 
grade S460 employed to CBT and with a flange slenderness 
ratio equal to 11, sustained more than 13% higher ultimate load 
compared to that of homogeneous beams with steel of grade 
S275. However, this gained load ratio was increased to 19% 
when the slenderness of the compression flange shifted to 4.45. 

B. Span-to-Depth Ratio 

Beam span-to-depth ratio plays a non-trivial impact on the 
CB strength. To examine the effect of span-to-depth ratio on 
the CB ultimate strength, 7 groups, Gr-8 to Gr-14, were 
numerically simulated. These beam groups are 
indistinguishable from the prior introduced groups, Gr-1 to Gr-
7, in the same order considering the utilized materials, root I-
profile, web openings distribution, and compression flange 
lateral restraints. The cross-section of all beams in this study 
part is invariant and matched to that of the original considered 
I-profile shown in Figure 4. The considered span-to-depth 
ratios for castellated beams CB-1, CB-2, CB-3, and CB-4 in the 
Gr-8 to Gr-1428 groups are 30, 32, and 34. Varying span-to-
depth ratios were generated by changing the beam span length. 
The numerically achieved ultimate strengths of the 
homogeneous and hybrid beams with disparate span-to-depth 
ratios, are shown in Figures 8 and 9. The presented FE results 
show that a larger span-to-depth ratio leads to a lower beam 
ultimate strength for both homogeneous and hybrid beams with 
the same cross-section for all utilized steel grades. Since all 
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beams of this subsection have failed in the instability mode of 
lateral torsional-distortional buckling, the top flange has 
reached the yield stress earlier than the bottom flange. Thus, for 
all considered span-to-depth ratios, specifying a higher steel 
grade for the top-half of HCBs, resulted in greater ultimate load 
strength that could be attained before failure. 

 

 
Fig. 5.  Ultimate loads of homogeneous castellated beams with various 

values of flange slenderness. 

 
Fig. 6.  Ultimate loads of hybrid castellated beams with various values of 

flange slenderness. 

 
Fig. 7.  Von Mises stresses distribution at failure load of analyzed HCB 

with λf=5.56, Top_S460. 

C. Unbraced Length of Compression Flange 

This part of the paper intends to study the effect of 
unbraced compression flange length (Lb) on the ultimate 
strength of HCBs. Two different arrangements of HCBs were 
considered. HCBs scrutinized types are: 1) higher-grade steel 
to be assigned to CBT, 2) higher-grade steel to be assigned to 
the castellated beam’s flanges (CBFs). 

 
Fig. 8.  Effect of span-to-depth ratio on the failure load of homogeneous 

castellated beams using various steel grades. 

 
Fig. 9.  Effect of span-to-depth ratio on the failure load of hybrid 

castellated beams considering various steel grade for the top-half beam 
section. 

1) Applying Higher Grade Steel to the Top-half of the 

Castellated Beams 

Seven groups of CBs, Gr-15 to Gr-21, identical to the 
earlier introduced Gr-1 to Gr-7 groups, have been created. All 
modeled beams had a constant thickness of flange plate out 
from the used base, I-profile. Each beam group included 4 
matching CBs, namely CB-1, CB-2, CB-3, and CB-4 but with 
only customizing the unbraced length of compression flange 
(Lb). The lateral unbraced lengths of compression flange L/2, 

L/4, L/8, and L/∞ were utilized for CB-1, CB-2, CB-3, and CB-
4 respectively. The FE results are shown in Figures 10 and 11. 
Concerning the homogeneous beams, it is obvious from the 
presented comparisons that using higher-grade steel has 
increased CBs’ failure load for all considered unbraced lengths 
of compression flange. 60% higher ultimate load has been 
achieved when using steel grade S460 with Lb = L/8 compared 
to the ultimate load of the same CB with S275 steel grade. The 
relatively close distance between the provided lateral supports, 
prevented the compression flange to move perpendicular to the 
web plate plane. Such lateral restraints have stiffened CBs 
against failure in the instability lateral-distortional buckling 
mode. Therefore, the stresses at the critical cross section, mid-
span section, reached the material ultimate strength as long as 
no local buckling was observed during the analysis. Hence, the 
employed steel grade has a great impact in the final attained 
ultimate load for CBs with Lb = L/8 or Lb = 0. 
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In the case of HCB and relatively nearby lateral restraining 
points, the beam didn’t have any kind of lateral instabilities, 
either lateral torsional or lateral torsion-distortional buckling. 
Since the bottom beam’s half has a lower steel grade than the 
top half, the mid-span bottom flange reached the yield stress 
whereas the top flange was still much below its nominated 
material’s yield stress, as depicted in Figure 12. The analysis of 
these HCBs with Lb = L/8 or Lb = 0, was terminated because 
the mid-span bottom flange reached its ultimate strength. 
Moreover, stress concentration was recorded at the mid-span 
opening’s corner by achieving the beam’s ultimate load. The 
early failure of HCB with comparatively short Lb before the top 
flange achieves ultimate stress, demonstrates the grounds of a 
low ratio of acquired ultimate load shown in Figure 11. 
Consequently, using higher-grade steel only in the CBT with 
relatively short Lb, has a rather low impact on the beam’s load 
carrying capacity. 

Considering the analyzed CBs with Lb = L/4, the beams 
have failed in the mode of instability lateral-distortional 
buckling. The ultimate load strength of homogeneous beams 
with L/4 unbraced length, has been achieved as the top flange 
was fully yielded whereas the bottom flange was partially 
yielded. Such stress distribution of both beam flanges points 
out that the employed steel grade has a substantial impact on 
the beams’ ultimate strength, agreeing with the results shown in 
Figure 10. Furthermore, at the ultimate load of the analyzed 
HCBs, the mid-span bottom flange, with a lower steel grade, 
was fully yielded whereas the top flange had limited yielded 
areas compared to the homogeneous beams. This explicates the 
relatively low ultimate strength achieved when compared to a 
commensurate homogenous beam. Also in this case, stress 
concentration was observed at the top corner of the web 
opening next to the middle web post of HCB. However, 
applying relatively distant lateral supporting points to the 
compressed flange, resulted in a lateral torsion-distortional 
buckling failure with full yielding of the top flange. Therefore, 
using higher-grade steel for the CBT delayed HCB’s failure 
and allowed carrying higher load than the homogeneous beam 
with S275 steel grade. Since the failure of these CBs has 
commenced before any yielding initiation at the bottom flange, 
the acquired load strength ratios were indistinguishable for the 
same utilized higher-grade steel, either in homogenous or in 
hybrid beams. As a result, higher-grade steel has almost 
identical effects on the CB gained strength of homogeneous 
and hybrid beams. 

2) Applying Higher Grade Steel to the Flanges of Castellated 

Beams 

In this form of HCBs, higher-grade steel was applied to the 
beam flanges instead of the top-half part. Three HCB groups, 
Gr-22, Gr-23, and Gr-24 similar to the earlier presented groups 
Gr-1, Gr-2, and Gr-3, were created except that material grade 
S275 was assigned to the beam’s web plate, and the higher-
grade steel was assigned to the flanges. The values of Lb, i.e. 

L/2, L/4, L/8, and L/∞ were utilized in 4 beams: CB-1, CB-2, 
CB-3, and CB-4 in each group. HCB FE models of the flange 
plate's material grades of S355, S420, and S460 are referred to 
respectively as Flange_S355, Flange_S420, and Flange_S460. 
The analysis results are shown in Figure 13. The gained 

strength using beam flanges with higher-grade steel was close 
to that obtained from the corresponded homogeneous beams 
with the same steel grade.  

 

 
Fig. 10.  Ultimate load of homogeneous castellated beams using various 

steel grades. 

 
Fig. 11.  Ultimate load of hybrid castellated beams, with higher garde steel 

assigned to the top part of the beam. 

 
Fig. 12.  Von Misses stresses of numerically analyzed beam with L/4 

unbraced length. 

V. ANALYTICAL STUDY 

Since castellated beams are deeper and slenderer than the 
original root I-profile rolled sections, and because of the 
existing web openings, castellated beams are sensitive to lateral 
buckling, whether lateral-torsional or lateral-distortional. Such 
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behavior was dominant in the tested castellated beams and 
among most of the numerically analyzed beams as well. 
Therefore, finding out a relation able to predict the inelastic 
distortional-buckling moment (Mid) of simply supported 
castellated beams loaded with mid-span point load, became 
essential. Many formulas dealing with buckling of beams with 
web openings, have focused on determining the elastic lateral-
torsional buckling of a simply beam under various load types as 
provided in [36, 37], whereas castellated beam elastic lateral-
torsional and elastic lateral-distortional were analytically 
determined in [38]. 

 

 
Fig. 13.  Failure loads of hybrid symmetric castellated beams considering 

flanges with various steel grades. 

Based on the FE results of the conducted parametric study, 
the inelastic distortional buckling, Mid, of a simply supported 
castellated beam, whether homogeneous or hybrid, loaded by 
concentrated load at mid-span can be obtained by: 

���
�� �	 ��	    (1) 

where Mp is the cross-section plastic moment, and α, 
 are 
constants equal to 0.77 and 1.6 respectively. R and Mp are 
given by: 

� � ���
��  ,  �� � �� 	��    (2) 

where Fy is the yield stress of the homogeneous castellated 
beam or the yield stress of castellated beam top-half in case of 
HCB, and �� is: 

�� � �� 	���� ����� � �  ! 	�! 	"# $ �!%    (3) 
The used notations are declared in Figure 14. 

The elastic critical distortional moment, Mcr, derived by 
[38], is modified to fulfill the castellated beam case: 

�&' � () *+
, -.	/�	012	31 � 567    (4) 

() � 1.36� 0.02=6 $ 0.171=    (5) 
= � ,	

�	 	
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A@    (6) 

where L is the beam’s span length, E is the modulus of 
elasticity, Iy is the y-axis moment of inertia; C is a coefficient 
which can be taken as [30]: 

( � 2.95$ 1.143	56� 4.07	5    (7) 
5 � +

, �E*�F
GHF     (8) 

ECwe and GJe are the effective warping and torsion 
rigidities in order. 
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where (T is the warping constant. The effective torsion 
constant, Je, can be calculated by: 

12 � 6	H@	"I6W�	,�%
3+��7 / �2	0	1!	 � "I6W�	,�%

3+��7 �	    (10) 
where 1Y is the flange torsion constant and Dw is: 

Z� � E	?�[
I63I�\�7    (11) 

where ] is the Poisson ratio = 0.3. 
 

 
Fig. 14.  Cross-section employed notations. 

 
Fig. 15.  Elastic critical distortional moment determined by both of 

modified equation and FE analysis. 

Mcr in (4), can predict the elastic critical distortional 
moment to an acceptable precision degree compared to all 
numerically analyzed CBs with lateral supports at the mid-span 
and at the end. The closeness of the elastic critical distortional 
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moment determined by (4), to that obtained numerically, varies 
from 97.40% to 102.45%. Figure 15 shows the close agreement 
between the elastic distortional moment of CBs achieved 
numerically and by (4). Figure 16 presents a comparison 
between the moment determined by the proposed equation and 
that evaluated using FE analysis. The comparison conducted in 
Figure 16, proves that (1) can anticipate, with an acceptable 
accuracy, the inelastic moment capacity of CB fails in the 
lateral-distortional buckling mode. Moreover, this equation can 
be used for both homogeneous and hybrid CBs. 

 

 
Fig. 16.  Inelastic distortional moment from the proposed equation and 

numerical analysis. 

VI. CONCLUSIONS 

HCBs formed from two rolled-profiles of varying steel 
grades, could represent an alternative to strengthen CBs. The 
current study aimed to find out the advances of HCBs formed 
from various hot rolled profiles with different steel grades. The 
close agreement between the results of FE analysis and of 
experimented CBs, considering both attained ultimate strength 
and final developed deformations, allowed to employ the 
developed numerical model in a further parametric study. The 
conducted parametric study put some light on the influence of 
specific factors, i.e. slenderness degree of compression flange, 
beam span-to-depth ratio, and length of unbraced compression 
flange on the ultimate strength of HCBs. In general, replacing 
the top-half part of simply supported homogeneous CBs with 
higher-grade steel, leads to the formation of HCBs with 
remarkably greater ultimate strength. The carried out numerical 
analysis has confirmed that applying higher steel grade to the 
top-half part of CB is more significant when considering a 
relatively compact top compression flange. The substantially 
higher proportion of a beam span-to-depth ratio, has a worse 
effect on the ultimate strength of both CBs and HCBs. Both 
homogeneous CBs and HCBs with the same steel grade, have 
an indistinguishable impact on the beam load capacity for all 
considered values of flange slenderness or beam-span-to-depth 
ratio. 

The Lb of compressed flange has a significant impact on the 
CB strength. In the view of numerically simulated CBs with Lb 
less than or equal to L/4, the carried-out FE analysis proved 
that employing a higher-grade material has a positive influence 
on the beam strength. The maximum load capacities have been 
achieved in the homogeneous CBs, whereas these load values 

were shifted down about 10% in the case of higher-grade 
material assigned to beam’s flanges. Compared to the previous 
two CB types, the minimum acquired ultimate load has been 
recorded in the case of HCBs with higher-grade steel being 
employed to CBT. For rather distant lateral restraining points, 
lateral instabilities were highly expected and the gained load 
capacities were very close between all analyzed CBs, including 
HCBs. Therefore, whenever lateral instability of simply 
supported CB is anticipated, it is recommended to utilize HCBs 
to raise beam's load capacity up to 25% depending on the 
beam's geometry and applied transverse restraints. 

Based on the results of the carried-out FE analysis, a design 
formula is proposed to determine the inelastic lateral-
distortional beam strength. This formula is limited for simply 
supported CB with mid-span point load. Furthermore, the 
compression flange should be provided with transversal 
restraints at end-supports in addition to a lateral support at mid-
span. The proposed equation can determine the load capacity 
for HCBs and homogeneous CBs. The load strengths 
determined by the suggested equation are very close to that 
resulting from FE analysis. 
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Abstract-In this paper, a modified Koch curve monopole antenna 

is proposed for the dual-band Wireless Local Area Network 

(WLAN) and its performance has been compared with the 

conventional printed Koch-curve monopole antenna. Both the 

antennas have been contrived, and their simulated return loss 

and radiation pattern results have been validated with the 
measurements. Antenna #1 is designed on the geometrical basis 

of a conventional Koch-curve monopole antenna. Moreover, the 

shape of antenna # 1 is bent with a two-step rotation process to 

yield antenna #2. There are two advantages to this geometrical 

modification: Firstly, the unique rotation in antenna #2 has 

further increased the mutual coupling between the segments of 
the Koch-curve geometry, and thus improved the impedance 

matching. Secondly, due to its geometric configuration that 

enhanced its ground plane size, the proposed antenna #2 has been 

able to demonstrate consistent simulation and measurement 

results. The compact ground plane in antenna #1 has been 

identified as the primary reason for the disagreement between 

the simulated and measured return loss results. The presented 
antennas have also been studied for the variation of indentation 
angles: θ=30 and θ=60. 

Keywords-fractal antennas; multiband; geometry; Koch 

monopole; omnidirectional 

I. INTRODUCTION  

The size of the microstrip patch antennas has reduced to a 
large extent to suit the needs of modern wireless 
communications requirements. The antenna designers have 

expanded their horizons to design ultra-portable and multiband 
antennas, so that they may fit into the chassis of the compact 
hand-held wireless communication terminals. Moreover, the 
challenge of size reduction has a trade-off with the antenna 
bandwidth and efficiency [1]. A good antenna design cycle has 
an emphasis on the optimization of many performance 
parameters. Some of the commonly strived parameters in a 
good antenna design include frequency tuning, impedance 
matching, high gain, and better radiation characteristics in the 
desired bands. Many of these antenna parameters are optimized 
during simulations. 

Fractals have been defined as the geometry possessing the 
properties of self-similarity. The fractal geometry is nowhere 
distinguishable at any scale of magnification. The scaled up or 
scaled down versions of fractal geometry are exactly identical 
to the original (non-scaled) versions. The fundamental limit on 
the antenna size has been demonstrated in [1]. The behavior of 
the Koch curve monopole antenna has been discussed, and its 
relation to the fundamental limit of the small antennas has been 
presented in [2]. Many authors have investigated the behavior 
of the applied geometrical transformations on Koch-curve 
antenna and its effect on performance parameters [3, 4]. There 
is some degree of freedom with which one can design Koch-
curve monopoles. The Koch monopole can be bent in particular 
ways to extend the current path through geometry while 
shrinking the antenna dimensions. The geometry of the Koch-
curve monopole antennas can yield the same area as Euclidean 
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antennas, but the current has an extended path. Higher Fractal 
iterations are applied to lower the frequency [5]. However, with 
the increasing fractal iterations, the overall size of the antenna 
also increases [6]. It is a well-known fact that the antenna size 
should be an appropriate fraction of the wavelength. When the 
antenna size is decreased more than the operating wavelength, 
the efficiency of the antenna decreases significantly. Unlike the 
Euclidean geometries, the occurrences of the multi-band 
behavior of the fractal antennas are not related to the electrical 
length, they are rather related to the geometry and the log 
periodic behavior of the antennas. Many fractal geometries 
have been used in antenna designs, and the relation between the 
variation of geometrical angles and antenna's performance 
characteristics has been presented in [7]. Such studies show 
that the change of indentation angle directly affects the input 
resistance and occurrence of the resonant frequencies. The log 
periodic behavior of the fractal antennas has been attributed to 
the factor, by which their geometries are scaled [8, 9]. In fractal 
antennas, the ratio of the first two resonant frequencies can be 
controlled by the ratio of the antenna dimensions. Many 
dimensional ratios of the overall radiating structure, including 
ground plane dimensional ratios and other geometrical 
variations can change this ratio. In [10], the authors controlled 
the ratio of the first two frequencies by changing h/w. A 
compact single probe feed asymmetrical semicircular fractal 
boundary patch antenna based on HIS (High Impedance 
Surface) is proposed for wide bandwidth at the Wi-Fi band in 
[11]. A fractal antenna array for telecommunication 
applications is  presented in [12]. 

Many studies have investigated the measurement-related 
problems, posed by the Electrically Small Antennas (ESAs). 
Here, we will limit the scope of the study to the measurement 
issues related to the small, convoluted shaped antennas. The 
stringent requirement on the size reduction of modern day 
antennas has also reduced their ground plane size. The ground 
plane size in small antennas plays an active role in radiation. 
Certain parameters are affected by the small ground plane size, 
including a shift in resonant frequencies, impedance mismatch, 
impedance bandwidth, low gain, low efficiency, and distorted 
radiation patterns [13, 14]. The effect of the ground plane is 
also crucial in the design of monopole antennas [15].  

This paper presents the results and a discussion on the 
issues pertinent to the measurement of small antennas, 
particularly with a small ground plane. The performances of the 
two designed and developed Koch-monopole antennas were 
compared by the simulation and measurement results. A 
parametric study has been carried out in order to study the 
effects of changing the geometrical indentation angles on the 
shift in resonant frequencies. Moreover, a study on the surface 
current distribution is presented to understand the multiband 
behavior of both antennas.  

II. ANTENNA GEOMETRIC CONFIGURATION 

In this section, two geometric configurations have been 
realized with two different indentation angles. The indentation 
angle is an essential element in determining the length of the 
adjacent segment. The construction of the two antennas is 
based on iterative transformation. The Iteration Function 
System (IFS) [16] offers an integrated platform for the 

development of Fractal geometries including Koch curves. In 

the plane 2 2: R Rω → , the affine transformations are defined 
as in (1): 

1 1

2 2

ex xa b
Ax t

x fc xd
ω
      

= + = +      
      

    (1) 

Equation (1) can also be described as:  

( ) ( )1 2 1 2, e,x y ax bx cx dx fω = + + + +     (2) 

In (1), the matrix A can be defined as in (3) and the point x

has the coordinates 1x and 2x . The matrix t  gives the 

translation on the plane. The parameters a, b c, d, control the 
rotation and scaling while the linear translation on the plane is 
controlled by the parameters e and f. 

cos sin

sin cos
A

δ θ δ θ
δ θ δ θ

− 
=  
 

    (3) 

In (3), δ is the scaling factor, such that 0 1δ≤ ≤  and θ  is 
the rotation angle. The described geometries in this paper have 

been scaled by 1 3 . For the two cases analyzed in this paper, 

the angles of rotation are 1 30θ = o
and 2 60θ = o

. In 

assumption, if 
1 2 3, , ........ nω ω ω ω  are the set of affine 

transformations and if the initial geometry is given by A , a 
new geometry can be constructed by applying a set of 

transformations to ( )2A . The collective results are expressed 

by (4). 

( )
1

( )

N

n

n

W A Aω
=

=U     (4) 

W is the Hutchinson operator which determines the 

looked-for iteration by the repeated application of W to the 

previous geometry such that if the initial geometry is 
0A  then: 

1 0(A )A W= 2 2(A )A W= ( 1)(A )K KA W −=     (5) 

The method for determination of the geometric structure is 
to calculate the fractal dimension of a line as a function. Two 
measurement points are taken when associating the fractal with 
some discrete boxes. These boxes are vital for the calculation 
of a set of points in a plane. 

( ) D
N δ δ −=     (6) 

In (6), the ( )N δ is the number of the required boxes. The 

dimension of a box is defined in (6). Equation (6) can be 
written after taking the logarithm on both sides as in (7): 

( ) ( )log logN Dδ δ  = −    
  (7) 

( )log

1log

N
D

δ

δ

  =     (8) 
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In (8), the dimension D is the ratio of the newly formed 

element ( )N δ  to the inverse if scaling factor 1δ . 

 

(a) (b) (c) (d) (e) (f)  
Fig. 1.  Iterations of the Koch monopole antenna: (a) Straight strip, (b) first 

iteration, (c) second iteration, (d) third iteration, (e) modified Koch curve 
antenna, (f) finalized antenna design. 

The construction procedure of the antenna #1 and antenna 
#2 with an indentation angle of � �  30

0
 and 	� �  60

0 
is 

illustrated in Figure 1(a)-(b). The design process of geometric 
transformation starts by taking into account the length of a 
straight strip of length h. The strip is divided into three equal 
parts, the middle section is replaced by an equilateral triangle 

of length 3L . For obtaining the first iteration which is 

depicted in Figure 1(b), (4) can be written as: 

( ) ( ) ( ) ( ) ( )1 2 3 4W A A A A Aω ω ω ω= U U U     (9) 

The final Pattern in Figure 1 is obtained by a series of 
geometric transformations on the shape achieved in the first 
iteration. The antenna is then rotated by a two-step procedure 
to reduce its overall length. Here, we will focus on tuning the 
resonant frequencies with modifying indentation angles. The 
increase in indentation angles increases the length of the 
subsequent segments and in turn the space occupied by the 
Koch monopole antenna is also enhanced. In this way, the 
overall area occupied by the radiator is enlarged, and the 
resonant frequencies can be lowered. Figures 2-3 depict the 
comparison plots of the two indentation angles, � � 30

0
 and 

� � 600 for antenna #1 and antenna #2 respectively. It can be 
noticed that with the decrease of the indentation angle of 
antenna #1, the input impedance at the resonant bands also 
changes, accounting for impedance mismatch [3]. With the 
decrease in indentation angle, similar changes can also be 
noticed in Figure 3. Here, the impedance mismatch is somehow 
better matched than the comparison plot of Figure 2. This is 
mainly due to the enhanced ground plane of the antenna #2. 
The discussion on the effects of the ground plane on antennas' 
performance and measurement results are presented in a 
separate section. In both antennas, the geometrical 
configuration with higher indentation angle, i.e. � � 60

0
, along 

with the third iteration, lowered the resonant frequencies to the 
desired bands. The increase in indentation angles brought the 
inverted-V arm closer, increasing the capacitance between 
them. Hence, the mutual coupling between the Koch-curve 
member elements is enhanced. As the number of iterations 
increases, the proportional electrical length is also increased 
which in turn produces an additional equivalent inductance [7].  

 
Fig. 2.  Antenna #1: Effect of the variation of indentation angle on the 

resonant frequency.  

 

Fig. 3.  Antenna #2: Effect of the variation of indentation angle on the 
resonant frequency. 

 

Fig. 4.  Photograph of fabricated antenna #1 on substrate (a) top 
view, (b) bottom view. 

III. ANTENNA DIMENSIONS 

The detailed dimensions of the antennas are presented in 
Table I. The parametric study on the role of indentation angles 
has been carried out through the simulations. All the four 
geometrical configurations have been simulated. Due to the 
involved cost factor, only the antennas which yielded the 
optimal results, i.e. antenna #1 and antenna #2 with an 

�
 

� � 30
0
   

� � 600      

� � 300   

� � 600      
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indentation angle of � � 600 were fabricated on FR-4 substrate 
and were compared with the correspondent simulation results. 
It can be noticed from Table I that the overall dimensions 
including the ground plane dimensions of antennas #1 and #2 
with indentation angles of � �  300 and 600 are similar. 
However, due to an increase in the indentation angle, patch 
dimensions have been enhanced in the third and fourth column 
of Table I. 

 

 

Fig. 5.  Photograph of fabricated antenna #2 on substrate (a) top 
view, (b) bottom view. 

TABLE I.  VARIOUS CONFIGURATIONS' ANTENNA DIMENSIONS 

Configurations 
Antenna #1 

� � 300 

Antenna #2 

� � 300 

Antenna #1 

� � 600 

Antenna #2 

� � 600 

Overall 

dimensions (mm3) 
73×16×1.6 55×30×1.6 73×16×1.6 55×30×1.6 

Patch dimensions 

(mm
2
) 

49×10.8 37×16.7 49×13 37×28 

Ground plane 

dimensions (mm
2
) 

23×16 16×30 23×16 16×30 

Thickness of 

copper (µm) 
35 35 35 35 

Dielectric constant 4.34 4.34 4.34 4.34 

 
Further discussion in the subsequent sections concentrates 

mainly on understanding the multiband behavior of the two 
antennas and the cable effects on the small ground plane size 
during measurements. It does not include the discussion of the 
indentation angles. For the mentioned reason we have 
discarded the antennas with an indentation angle of � � 300 
from the mentioned investigations. 

IV. CURRENT DISTRIBUTION 

For studying the multiband behavior of the Koch monopole 
antenna, it is necessary to determine the surface current 
distribution on the antenna segments. The current allocation of 
these segments handles radiation from the antenna at any 
specific frequency. Figure 6 depicts the surface current 
distribution on the surface of antennas #1 and #2. Both 
antennas are placed on the top layer, and the ground plane is 
located at the bottom layer. The surface current distribution on 
antenna #1 at 2.45 and 5GHz can be seen in Figure 6(a) and 
6(b) respectively. Figures 6(c) and (d) depict the active 
segments responsible for radiation from antenna #2 at 2.45 and 

5GHz. It is noticed that the radiation on 2.45GHz from antenna 
#1 is mainly due to the concentration of the surface current 
vectors in the lower part of the antenna. The radiation at 5GHz 
from antenna #1 is due to the surface current distribution on the 
upper and lower sections of the antenna, as illustrated in Figure 
6(b). The surface currents depicted in Figure 6(c) show the λ/4 
operation of antenna #2 at 2.45GHz. The operation of antenna 
#2 on 5GHz is due to the random distribution of surface current 
vectors on the entire structure, with nulls in between. The 
ground plane also has a vital role in the construction of small 
antennas. Through current excitation, a monopole antenna 
ground plane creates another half of the monopole, so that it 
can act as a dipole antenna. The ground plane plays an active 
part in the radiation mechanism of small antennas. In this 
study, the ground plane effect on the performance of both 
antenna structures is significantly noticed as the height of the 
ground plane influences the shift in resonant frequencies on 
both antennas. The excitation of current in both antennas is 
introduced by a transmission line through a 50Ω excitation 
port. Through simulations, the position of placement for both 
antennas on the ground plane is optimized for achieving good 
impedance match that results in reduced return loss. 

 

 

Fig. 6.  Current distribution on antenna #1 at (a) 2.45GHz, (b) 
5GHz. Surface current on antenna #2 at (c) 2.45GHz, (d) 5GHz. 

V. EFFECTS OF THE GROUND PLANE ON MEASUREMENT 

RESULTS 

Both antennas presented in this paper portray good 
agreement between the simulation and the measurement 
results. The study presented in this section is primarily an 
investigation on the ground plane size. The experimental study 
of antenna #1 showed that the compact and insufficient ground 
plane is the prime hindrance in achieving measurement results 
similar to the simulation results. The measurements were 
carried out on Agilent E8363C PNA network analyzer. The 
measurement setup of the PNA is matted with a coaxial cable. 
In small and unbalanced antennas, the cable currents mainly 
reside on the outer conductor of the cable [11]. The remedy to 
subside this large current on the outer conductor of the cable is 
to increase the width of the ground plane, and so the current 
distributes on it. In antenna #1, due to the geometrical 
limitations, the ground plane size is limited. In the case of 
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antenna #2, the width of the ground plane was automatically 
increased as we bend the geometry of Koch-monopole antenna. 
The larger ground plane yielded better measurement result and 
more comparable with the simulation. Realistically, in robust 
conditions, the antenna measurement is affected by some 
factors such as coupling with cables, connectors, and 
fabrication tolerances. The discussion on the ground plane 
effects is meant to provide insight into the understanding of 
these factors during measurements. 

VI. RESULTS AND DISCUSSION 

It can be noticed from the curves presented in Figures 7-8, 
that both antennas have satisfactory return loss results. The 
antennas are designed to operate on the WLAN frequency 
bands of 2.45 and 5GHz. The measured S11 plot of antenna #1 
shows an impedance bandwidth of 153MHz at -10dB scale, 
around the center frequency of 2.496GHz and a bandwidth of 
232MHz around the center frequency of 5.02GHz. For the 
antenna #2, the measured bandwidth calculated at -10dB scale 
for the 2.45GHz band is 180MHz. The antenna #2 depicts 
satisfactory return loss measurement performance at the 5GHz 
band, with a minimum return loss of -24.4dB at 4.97 GHz and 
the calculated impedance bandwidth is 285MHz. The far-field 
performance of the antennas #1 and #2 has been gauged by the 
measurement of the E-plane and H-plane patterns at 2.45GHz 
and 5GHz. The patterns for antenna #1 are presented in Figures 
9 and 10.  
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Fig. 7.  Antenna# 1: Comparison between simulation and measurement 

S11 results. 
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Fig. 8.  Antenna #2: Comparison between simulation and measurement 

S11 results. 

Figures 11 and 12 show the radiation patterns of the 
antenna #2. The shape of the plots is mostly symmetric in both 
E and H fields. In the case of antenna #1, it has been observed 
that the radiation pattern plot is omnidirectional at 2.45GHz 
and 5GHz with gains of 4.15dBi at 2.45GHz and 2.57dBi at 
5GHz. The far-field radiation pattern of antenna #2 at 2.45GHz 
depicts that the antenna demonstrates a good omnidirectional 
H-plane pattern while exhibiting a figure-eight pattern in the E-
plane. It can be seen from Figure 12 that the radiation pattern 
of antenna #2 has been distorted in E and H planes. Due to the 
bending of antenna #2, this distortion has caused an alteration 
in current distribution on the antenna structure. The horizontal 
component of the electric field in antenna #2 is mainly 
concentrated on the upper and lower sections of the antenna. 
The horizontal component of the electric field causes a 
distortion of the radiation pattern at a higher resonant 
frequency of 5GHz. The simulated directivity gains along the 
X-Y plane are 1.3dBi at 2.45GHz and 4.2dBi at 4.93GHz. 

 

 
Fig. 9.  Measured E-plane pattern of antenna #1 at 2.45 GHz. 

 
Fig. 10.  Measured H-plane pattern of antenna #1 at 5GHz.. 
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Fig. 11.  Measured E-plane pattern of antenna #2 at 2.45GHz. 

 
Fig. 12.  Measured H-plane pattern of antenna #2 at 5GHz. 

VII. CONCLUSION 

In this paper, a technique has been proposed to reduce the 
size of the conventional Koch-curve monopole antenna along 
with a parametric study on the role of indentation angles. The 
higher indentation angle along with the higher number of 
iterations has a great impact on the novel space-filling property 
of the fractal antennas. Moreover, the proposed technique to 
reduce the antenna size also introduced an additional width to 
the ground plane of antenna #1. During the process of small 
antenna designs, most of the designs ignore the effects of the 
coaxial cable and the connector. Cable effects can become the 
primary reason for the discrepancy between the simulation and 
the measurement results beside other valid reasons such as 
fabrication, soldering and measurement tolerances. The 
increased ground plane width in antenna #2 portrayed better 
S11 measurement results. The measured E and H-plane 
radiation pattern results at the resonant frequency of 2.45GHz 

and 5GHz have been presented for both antennas. The 
omnidirectional radiation pattern results helped confirm that 
the designed fractal Koch-curves are monopole antennas. 
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Abstract-This study examined the discretization random field of 

the elastic modulus by a point method to develop a stochastic 

finite element method for the stochastic buckling of a non-

uniform column. The formulation of stochastic analysis of a non-

uniform column was constructed using the perturbation method 

in conjunction with the finite element method. The spectral 

representation was used to generate a random field to employ the 
Monte Carlo simulation for validation with a stochastic finite 

element approach. The results of the stochastic buckling problem 

of non-uniform columns with the random field of elastic modulus 

by comparing the first-order perturbation technique were in 

good agreement with those obtained from the Monte Carlo 

simulation. The numerical results showed that the response of the 

coefficient of variation of critical loads increased when the ratio 
of the correlation distance of the random field increased. 

Keywords-non-uniform column; buckling; stochastic FEM; 

spectral representation; random field 

I. INTRODUCTION  

Science and technology revolution has produced many 
high-strength and lightweight materials used in a variety of 
slender structures such as steel structures [1-7] and functionally 
graded beams [8]. The problem of stability calculation of these 
structures is very important, e.g. in a steel truss bridge with 
many slender compression members. In many cases, column or 
tower structures are designed with variable cross-sections to 
match the bearing characteristics of the structure and save 
materials. Many studies have examined the stability of bars 
with variable cross-section and many basic problems on the 
stability of bars with variable cross-section were presented in 
[9-12]. In addition, many researchers studied the stability of the 
replacement with a changing cross-section with different forms, 
calculated by different methods. In [13], a polynomial series 
approximation was used to solve the problem of column 

stability with variable cross-sections subjected to axial forces. 
In [14], the column was calculated with a cross-sectional 
variation of the ladder using the Rayleigh-Ritz method. In [15], 
the stability of a column of the variable cross-section with 
elastic connections was calculated by approximating the 
stability differential equation. In [9], the stability of reinforced 
concrete columns with elastic connections was studied. An 
exact solution for some types of columns with variable cross-
sections with elastic connections under distributed axial forces 
was presented in [16]. In addition to analytical methods with 
exact solutions, some studies used finite element methods. In 
[17], the stability of a bar with variable cross-section was 
studied using the Galerkin finite element method. In [18], the 
stability calculation of columns with stepped and cracked 
cross-sections was studied using the finite element method. In 
[19], a finite element model of circular concrete-filled steel 
circular-tube columns was studied under axial compression 
loading. 

However, these studies were limited to deterministic 
problems. In most practical engineering, structure analysis 
ignores the random heterogeneity of materials. For the 
advanced analysis of structures, a probabilistic model is needed 
to consider random variables, random fields of geometry, and 
material properties of structures. Several methods for random 
field discretization were developed for stochastic finite element 
methods, such as the integration point method [20, 21], the 
nodal point method [22, 23], and the local averaging method 
[24]. In [25], a stochastic finite element method was presented 
using the weighted integration approach to analyze the static 
behavior of non-uniform columns. In [26], a semi-analytical 
method was applied to investigate the buckling of composite 
beam-columns with random elastic stiffness and geometric 
properties. In [27], the free vibration of functionally graded 
beams was examined using a stochastic perturbation-based 
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finite element method. The random finite element method was 
improved for the seismic analysis of gravity dams in [28]. In 
[29, 30], a probabilistic problem was developed for the seismic 
analysis of cabinet facilities in nuclear power plants and soil 
properties.  

In this study, a stochastic finite element model was built for 
the buckling of the non-uniform column with the random field 
of elastic modulus. 

II. THE FINITE ELEMENT MODEL OF THE NON-UNIFORM 

COLUMN 

Consider a non-uniform column with the coordinate system 
(x, z) as shown in Figure 1:  

 

 
Fig. 1.  Model of non-uniform columns  

The column element is assumed to have two degrees of 
freedom, one rotation and one translation, at each end. The 
location and positive directions of these displacements in a 
typical linearly tapered column element are shown in Figure 2, 
where Le is the length of the element, E and I are the area and 
inertia moment of the cross-section column. The depths of the 
cross-sections at the smaller and larger end of the column are 
denoted as h2 and h1, respectively. The longitudinal axis of the 
element lies along the x-axis. The element was assumed to 
have two degrees of freedom at each end: a transverse 
deflection u1, u3, and an angle of rotation of slope u2, u4.  

 

 

Fig. 2.  Model of a non-uniform finite element. 

The displacement field is approximated by the shape 
function as: 

�� = ��� �� �� �	
 ��������	
 = ��
����    (1) 

where � = ��� �� �� �	�, and ��  is the shape function 
of the i-th degree of freedom, and the Hermite polynomial 
functions [31] are:  

�� = 1 − 3 ����� + 2 �����   �� = � �1 − 2 ��� + ������  
�� = 3 ����� − 2 �����   �	 = � �− ��� + ������  

  (2) 

The deformation potential of the column is: 

�� = �� �  !"�# $%�&�%�� '� (���)     (3) 

The potential energy of load is: 

*� = − +� � $%&�%� '� (���)     (4) 

The cross-section moment of inertia in the element is 
approximated by linear interpolation:   "�#!�"�# =  "�#!�� $1 − ���' +  "�#!�� ���    (1) 

The random field of elastic modulus is assumed as:   "�# =  )�1 + ,"�#
    (2) 
where E0, r(z) are the mean elastic modulus and a one-
dimensional Gaussian random field with a mean equal to zero 
respectively. The form of the autocorrelation function of 
random field r(x) is: -".# = � � ,"�#,"� + .#/�"�, � + ., .#(,"�#(,"� + .#∞1∞

∞1∞
 (7) 

The random field elastic modulus requires discretization to 
random variables for the governing equation of buckling 
problem by finite element formulation. 

 

 
Fig. 3.  Average model for approximating random field of elastic modulus. 
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By averaging random variables within the element as 
illustrated in Figure 3, the random field of the elastic modulus 
in the element is calculated as:  ,̄ = 3453�5⋯5378   

 =  ) 91 + 3453�5⋯5378 :  (8) 

Taking the variation with respect to q, the resulting 
equation [32] is obtained for the buckling of the column: ;�<
 − =�<
>?��� = 0    (9) 

[K] and [M] denote the assembled and global stiffness 
respectively of the cross-section column and λi denotes the 
critical load. The stiffness matrix [K]e  is defined as:  �<
� =  ) 91 + 3453�5⋯5378 : ×  

×
BCC
CCC
DE"F4�5F��#��� 	F4�5�F����� − E"F4� 5F�� #��� �F4�5	F������F4�5F���� − 	F4�5�F����� F4�5F����E"F4�5F��#��� − �F4� 5	F�����GHI. F4�5�F���� KLL

LLL
M
    (10) 

The geometric stiffness matrix is defined as: 

�<
>� = N
BCC
CCC
D EO�� ��) − EO�� ��)��O�� − ��) − ��)��EO�� − ��)Sym ��O�� KLL

LLL
M
    (3) 

III. FORMULATION OF THE STOCHASTIC FINITE ELEMENT 

METHOD USING THE PERTURBATION TECHNIQUE FOR THE 

BUCKLING OF THE COLUMN 

The governing equation of the buckling problem in (9) 
includes random variables and can be perturbed concerning the 
mean of the random variables as follows:  

S �<
) + ∑ U�V
U3W ,�X3�Y� −$=) + ∑ UZU3W ,�X3�Y� ' �<
>[ \�) + ∑ U]U3W ,�X3�Y� ^ = 0    (12) 
Solving the stochastic equation (12), the zeroth-order and 

the first-order solutions can be obtained as: 

zeroth-order:  ;�<
) − =)�<
>?��)� = 0    (4) 
and first-order: ;�<
) − =)�<
>? \U]U3W^ = − $U�V
U3W − UZU3W �<
>' ��)�    (14) 
Premultiplication of (14) by \�) + ∑ U]U3W ,�X3�Y� ^_

gives: 

\�) + ∑ U]U3W ,�X3�Y� ^_ ×  

× \�<
) + ∑ U�V
U3W ,�X3�Y� − $=) + ∑ UZU3W ,�X3�Y� ' �<
>^  
× \�) + ∑ U]U3W ,�X3�Y� ^ = 0  

(15) 

Solving (15) using the orthonormal property, the first-order 
partial derivatives of critical load respect random variable is 
given by: 

UZU3W ≈ �]a�Wbc�d
ceW �]a��]a�Wb�f
�]a�     (16) 
The mean of the critical load given solved by the first-order 

perturbation solutions is: μZ = � \$=) + ∑ hZh3W ,�X3�Y� ' − =)^ i",�#(,�j1j = =)    (17) 
The variance of the critical load is solved by the first-order 

perturbation solution as follows: 

*k,Z = � � \$=) + ∑ UZU3W ,�X3�Y� ' − =)^ ×
l× �=) + ∑ UZU3m ,nX3nY� � − =)o ×× /�;,�, ,n , ,n − ,�?(,�(,n

∞1∞

∞1∞
  

= ∑ ∑ \UZU3W UZU3W -".#^X3nY�X3�Y�   

 (18) 

where R(τ) denotes the autocorrelation function of the random 
field, and the relative distance vector is defined as τ=rj-ri. The 
autocorrelation function was assumed in the form: 

-".# = q� rsi $− t�%�'    (19) 
where σ, d are the Coefficient Of Variation (COV) and the 
correlation distance of the random field of elastic modulus 
respectively. The response variability can be represented using 
the COV defined as: 

uv* = wxy3z||z|     (20) 
IV. EXAMPLES 

A. Validation of the Finite Element Approach for 

Deterministic Analysis 

The buckling non-uniform column in Figure 1 was 
considered to validate the proposed finite element for the non-
uniform column with the moment of inertia as a formulation:  

 !"�# = }Fa� \√2 − �� ;√2 − 1?^�
    (21) 

The analytical solutions of the column were given by [9] 
with a critical load factor m=2.023: N�3 = 2.023 }Fa��    (22) 
where the critical load factor m is given by: I = +�e��}Fa     (5) 
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Fig. 4.  Comparison of critical load factor between analytical and finite 

element method. 

 
Fig. 5.  Error depending on mesh refinement. 

As shown in Figure 4, the finite element agreed with the 
analytical solution if a reasonable number of finite elements 
was used in the model (approximately more than 10 finite 
elements). The convergence features of the proposed finite 
element are shown in Figure 5. The discrepancies between the 
analytical and finite element solutions of the critical load factor 
tend rapidly to zero as the mesh is refined. 

B. Response Variability of Critical Load Due to the 

Randomness of Elastic Modulus 

A scheme of Monte Carlo Simulation (MCS) was employed 
to validate the response variability of critical loads of the non-
uniform columns. MCS repeats the deterministic analysis on a 
set of samples of the random field of the elastic modulus. Using 
the spectral representation proposed in [33], the numerical 
generation of the homogeneous univariate random field r(z), 
with zero mean in one dimension, can be generated via the 
summation formula of cosine functions as follows: ,"�# = √2 ∑ �� ���"��� � ��#X1�

�Y)   
�� � w2G33"���#��  

�� �
�]

�
, �� � ���,  � � 0,1,2, . . . , � � 1 

(24) 

where, �], G33  are the upper cut-off frequency and the power 
spectral density functio, respectively. 

The stochastic buckling of linearly tapered cantilever 
columns with a concrete rectangular cross-section was 
considered, as shown in Figure 6. The mean modulus of 
elasticity of the column was assumed to be 33.103MPa. The 

geometric dimensions of the example cross-section columns 
were: h0 =1m, h1 =0.5 m, H=12m, and b=0.6m. 

 

 
Fig. 6.  Linearly tapered cantilever columns with a concrete rectangular 

cross-section. 

 
Fig. 7.  Effects of the correlation distance d on the different standard 

deviation σ of the critical load. 

Figure 7 shows the comparison of the effect of the 
correlation distance d of the random field on the variability of 
the critical load of the proposed formulation with the MCS, for 
the same cases of the stochastic finite element method. The 
results of the MCS with 10,000 samples, presented by the 
dashed-dotted line, denote the corresponding COV of the 
random field of elastic modulus 0.1 and 0.2. As shown in 
Figure 6, the response variability of a critical load is 
converging to COV of the random field of the elastic modulus, 
as the correlation distance tends to move to infinity in both 
analysis schemes. As can be observed, the increasing rate of the 
correlation distances is accelerated with an increase in the 
coefficient of variation of the random field. 

V. CONCLUSION 

The paper presented a perturbation technique in conjugation 
with finite element analysis that was successfully developed for 
the stochastic buckling problem of non-uniform columns with a 
random field of elastic modulus. MCS was performed 
employing 10,000 random samples to simulate the validity of 
the proposed first-order perturbation solution of the stochastic 
finite element method. The efficacy of the first-order 
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P
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perturbation method was verified using a homogeneous 
Gaussian random field by the stochastic finite element method 
and was in perfect agreement with the MCS, where the 
correlation distance was as high as 5. The effect of the 
correlation distance on the response COV of a critical load was 
obvious, and the response COV increased when correlation 
distances increased. 
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Abstract-In this study, experimental mortar combinations with 

1% micro steel fibers, were examined to create geopolymer 
mortars. To test the effect of the fibers on the mortar's resistance, 

the geopolymer mortar was designed with various proportions of 

more environmentally friendly materials fly ash and slag. The 

percentage of fly ash by weight was 50, 60, and 70% of the slag. 

The best results were obtained when a 50:50 ratio of fly ash and 

slag were mixed with 1% micro steel fibers. The results showed 

that the mixtures containing fibers performed better in the 
considered tests (toughness index, ductility index, and resilience 

index). In the impact resistance test, the mixture contained 50% 

fly ash by weight of the slag with a temperature of 240°C and a 

curing period of 28 days, with and without micro steel fibers. 

Water absorption test results and void content increased when 
adding micro steel fibers after 7 and 28 days of curing at 24°C. 

Keywords-fly ash; slag; alkaline solution; geopolymer mortar 

I. INTRODUCTION  

The most common kind of cement used in the production of 
concrete is the Ordinary Portland Cement (OPC). Many 
environmental concerns have long been related to the 
production of OPC. Due to the amount of limestone calcination 
and the necessary burning of fossil fuels, the amount of carbon 
dioxide produced during the manufacturing of OPC is around 
one ton for every metric ton of produced OPC. The 
construction of OPC requires the same amount of energy as 
manufacturing steel and aluminum [1]. To reduce the amount 
of CO2 emitted by cement factories and aid the recycling of 
industrial waste, environmentally friendly materials were 
developed for use in civil engineering projects [2]. Cement 
composites are a viable alternative to traditional forms of 
concrete. Additional cementitious materials, such as GGBFS, 
fly ash, and SF, can be used in the production of blended 
cement [3]. Waste from thermal power plants, such as fly ash 
and slag, can constitute an environmental threat if not properly 
handled and reused. In the long run, the fly ash from thermal 
power plants contaminates groundwater sources and damages 
croplands, causing long-term environmental impact, while the 
by-product of combustion is a powdery substance [4]. Fly ash 
is produced in large quantities each year, posing a threat to the 
ecosystem.  

Some pozzolanic waste materials (siliceous and aluminous) 
may be reduced [5]. Geopolymers are a category of mineral 
binders that have a chemical composition similar to that of 
zeolites. The polycondensation of silicate and alumina 
precursors, rather than standard Portland/pozzolanic cement, is 
used in geopolymers to build the matrix and increase strength. 
Source materials and alkaline liquids make up the majority of 
geopolymers. Silicon (Si) and aluminum (Al)-rich alumino-
silicate raw materials are recommended. Fly ash and silica 
fume, for example, are by-product minerals that can be used in 
the mix. Geopolymers are distinct from conventional 
aluminosilicate compounds (e.g. aluminosilicate gels, glasses, 
and zeolites). Geopolymerization contains more solids than 
zeolite synthesis or alumino-silicate gel [6]. Since fly ash and 
slag are used to make geopolymer concrete, it is a more 
ecologically friendly and diversified alternative to ordinary 
concrete [7].  

II. EXPERIMENTAL SETUP 

A. Fly Ash 

The fly ash produced at the ISKEN-MENT power plant in 
Turkey can be described as a fine, glassy powder that results 
from coal burning. Table I shows the chemical composition of 
the fly ash used in this study. 

B. Slag 

According to Table II, the slag used in this study met the 
ASTM C618 standards [8]. 

C. Sodium Hydroxide 

NaOH flakes, which are readily accessible in the market, 
are 99.8% pure. Solids should be dissolved in filtered water to 
produce a concentrated solution. Geopolymer mortar solutions 
are made using sodium hydroxide (NaOH). Caustic soda flakes 
were melted with water to produce NaOH. A variety of molar 
concentrations can be achieved by altering the amounts of 
caustic soda flakes in the water. 

D. Sodium Silicate 

The ratio of Na2O to SiO2 and H2O determines the 
concentration of Na2SiO3. Na2SiO3 was produced in the United 
Arab Emirates. 
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TABLE I.  CHEMICAL COMPOSITION OF FLY ASH 

ASTM C618 Requirements [8] Contents (%) Oxide 

Sum more than 70% 

5.35 Fe2 O3 

17.59 Al2 O3 

65.63 SiO2 

Max. 5% 0.21 SO3 

-- 0.84 MgO 

-- 0.98 CaO 

Max. 6% 2.76 L.O. I 

-- 2.33 K2O 

-- 1.36 Na2O 

TABLE II.  CHEMICAL COMPOSITION OF GGBFS  

Oxide Contents (%) (ASTM C618) Requirements [8]  

Fe2 O3 0.35 

Sum more than 70% Al2 O3 25.53 

SiO2 45.88 

SO3 4.98 Max. 5% 

MgO 4.95 -- 

CaO 37.21 -- 

L.O. I 3.89 Max. 6% 

K2O 2.10 -- 

Na2O 0.96 -- 
 

E. Water 

The NaOH solution was produced by dissolving caustic 
soda flakes in distilled water. To facilitate mixing, tap water 
was included in the geopolymer mix, compliant with the IQS 
1703 [9]. 

F. Fine Aggregates  

The fine aggregates came from the Al-Ekhadir Karbala city 
region and met the Iraqi standard IQS No.45/1984 for physical 
and chemical properties [10], as shown in Table III. The 
fineness modulus was 2.76. 

G. Micro Steel Fibers  

Table IV shows the properties of micro steel fibers. 

H. Superplasticizer 

Using a modified sulfonated naphthalene formaldehyde 
condensate (superplasticizer), the geopolymer mortar's 
workability was improved to meet ASTM C494 standards [11]. 

TABLE III.  PHYSICAL CHARACTERISTICS OF THE FINE AGGREGATES 

Sieve size ( mm) Cumulative percentage pass IQS (45-1984), zone2 [10] 

10 100 100 

4.750 91 90-100 

2.360 80 75-100 

1.180 71 55-90 

0.60 53 35-59 

0.30 22 8-30 

0.150 7 0-10 

TABLE IV.  MICRO STEEL FIBER MECHANICAL PROPERTIES 

(ACCORDING TO MANUFACTURER) 

Properties Micro steel fibers 

Tensile strength (MPa) 2600 

Diameter (mm) 0.2 

Density(kg/m3) 7800 

Length (mm) 13 

Aspect ratio 65 

Modulus of elasticity (GPa) 250 

III. MANUFACTURING GEOPOLYMER 

A. Preparation of Alcaline Solution 

When producing the geopolymer mortar for this 
experiment, the NaOH molar concentration was fixed to 12 
molars. Solubility was determined by adjusting the sodium 
silicate/sodium hydroxide ratio to 2:1 and the 
solution/cementitious-materials ratio to 45%. The weight of the 
NaOH flake is shown in Table V. 

TABLE V.  AMOUNT OF NAOH SOLIDS FOR 1KG OF SOLUTION AT 

SPECIFIED MOLARITY AND WEIGHT CONCENTRATION [1,12] 

Molarity 

(mole/L) 

NaOH weight 

concentration (w/w%) 

Weight of 

NaOH flakes (g) 

Weight of 

water (g) 

8 26.2 262 738 

10 31.4 314 686 

12 36.2 362 638 

14 40.4 404 596 

16 44 440 560 

 

B. Mixing 

Before use, the alkaline liquid was prepared the day before 
and was then combined with a superplasticizer. To begin, the 
dry ingredients (GGBS, fly ash, fiber, and sand) were mixed by 
hand for approximately 2 minutes before the alkaline liquid and 
superplasticizer were added at a 75% concentration, and the 
mixing process was performed a second time. Finally, after 
another 5 minutes of mixing, the mixture was allowed to sit for 
about 15s before being blended with the remaining 25% of the 
mixed alkaline liquid. Table VI shows the homogeneity 
achieved after 10 to 15 minutes of mixing. 

TABLE VI.  MIX DESIGN OF GEOPOLYMER MORTAR FOR 1M
3
, 

WEIGHT IN KG/M
3
 

Micro 

steel  

% 

NaOH 

Sodium 

silicate 

solution 

Fly 

Ash 
Slarg 

FA / 

slag  

ratio 

Water
* Fine 

agg. 
Mix 

- 112.5 225 375 375 0.5:0.5 75 1400 G1 

1 112.5 225 375 375 0.5:0.5 75 1400 G2 

- 112.5 225 300 450 0.6:0.4 75 1400 G3 

1 112.5 225 300 450 0.6:0.4 75 1400 G4 

- 112.5 225 225 525 0.7:0.3 75 1400 G5 

1 112.5 225 225 525 0.7:0.3 75 1400 G6 

 

IV. RESULTS AND DISCUSSION 

These tests were carried out according to the ASTM C642 
[13]. The results measured density, absorption percentage, and 
void content of hardened G1 and G2 mixtures at 7 and 28-day 
intervals with heat curing at 80,160, and 240

o
C. In this test, 

fracture pieces of concrete mortar were used, and each portion 
was free of fractures or fractured edges. Each test used an 
average of three specimens. The results for 7 and 28 days of 
curing at 240 oC are shown in Tables VII, VIII, and IX and 
Figures 1, 2, and 3. 

TABLE VII.  BULK DENSITY OF MIXES G1 AND G2  

Mix type 
Density, kg/m

3 

At seven days/240
 o
C At 28 days/240

 o
C 

G1 2437 2463 

G2 2456 2503 
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The dry density at 28 days was greater than in 7 days, as it 
increased from 0.07% to 1.6%. The geopolymerization process 
continuity and the development of microstructure were linked 
to this rise in density over time. The results comply with [14], 
showing that the inclusion of micro steel fiber (G2) enhanced 
the dry density compared to specimens without fibers (G1). 

 

 
Fig. 1.  The bulk density of G1 and G2 mixes. 

TABLE VIII.  WATER ABSORPTION RESULTS OF MIXES G1 AND G2 

Mix type  
Water absorption % 

At seven days/240
 oC At 28 days/240

 oC 

G1 4.38 3.89 

G2 4.45 3.93 

 

As the results show, the improved microstructure of the 
geopolymer mortar and the increased product properties with 
rising temperatures and curing age led to decreased amount of 
water that all mixtures can absorb with time but increased with 
additional fiber due to the generation of voids around the 
fibers. The increase was about 1.6% and 1% compared with the 
mixture without fibers for 7 and 28 days of curing, 
respectively. 

 

 
Fig. 2.  Water absorption of G1 and G2 mixes. 

TABLE IX.  VOID CONTENT OF G1 AND G2  

Mix Type  
Void content % 

7 days/240°C 28 days/240°C 

G1 9.45 7.85 

G2 9.51 7.93 

 

Table IX shows the void content of G1 and G2 mixtures at 
28 days of curing at 240oC. The void content of all mixtures 
decreased with aging. A continuous geopolymerization process 
enhances the microstructure and generates a denser geopolymer 
mortar. For all mixtures, the void content decreased with time 
and increased with additional fibers. The variation between G1 
and G2 was 0.6% and 1% for 7 and 28 days of curing 
respectively. The load-deflection curve test was performed by 
calculating the area under the curve, where a hydraulic device 
and a measurement deflection carried out the loading by a dial 
gauge with 0.01mm accuracy. It was used with a prism with 
dimensions 50×50×250mm, as shown in Figure 4.  

 

Fig. 3.  Void Content % of G1 and G2 mixes. 

 
Fig. 4.  Testing the load-deflection curves. 

The ends were placed on simple support with a space of 
200mm to extract the toughness index, ductility index, and 
resilience. Tables X, XI, and XII show the results of toughness 
index, ductility index, resilience at 3, 7, and 28 days, 
respectively, at the curing temperature of 240

o
C. 

TABLE X.  FLEXURAL STRENGTH TEST RESULTS AT 3 DAYS  

Samples 

Load at 

failure 

(KN) 

Deflection 

at failure 

(mm) 

Toughness 

index 

Ductility 

index 

Resilience 

(KN.mm) 

G1-1 
1.705 0.99 1.15 1.52 0.16 

G1-2 

G2-1 
1.94 0.77 4.35 3.88 3.91 

G2-2 
 

 
Fig. 5.  Load deflection curve at three days. 

TABLE XI.  FLEXURAL STRENGTH TEXT RESULT AT 7 DAYS 

Samples 

Load at 

Failure 

(KN) 

Deflection 

at Failure 

(mm) 

Toughness 

Index 

Ductility 

Index 

Resilience 

(KN.mm) 

G1-1 
1.76 0.86 1.20 1.59 0.23 

G1-2 

G2-1 
1.84 1.62 4.43 4 3.98 

G2-2 

 

The most significant results of reinforced geopolymer 
mortar can be based on the mechanical ductility property of 
pulling and breaking the reinforcement. On this basis, the 
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excellent adhesion between the bonding material and the 
reinforcement increases the friction resistance of the common 
interface between them.  

 

 
Fig. 6.  Load deflection curve at seven days 

TABLE XII.  FLEXURAL STRENGTH TEST RESULTS AT 28 DAYS 

Samples 

Load at 

failure 

(KN) 

Deflection 

at failure 

(mm) 

Toughness 

index 

Ductility 

index 

Resilience 

(KN.mm) 

G1-1 
1.89 0.98 1.19 1.52 0.16 

G1-2 

G2-1 
2.18 0.77 5.88 5.63 4.97 

G2-2 
 

 

Fig. 7.  Load deflection curve at 28 days. 

Figures 5-7 show that the black line drops suddenly, 
opposite of the red line, because the addition of micro steel 
fibers with uniform random distribution in the mortar increases 
the resistance of the first crack of the mortar, especially when 
the reinforcing fibers prevent the expansion of these cracks 
with high energy absorption when withdrawn from the cracked 
cement mortar mass, which makes the reinforced specimens 
with these fibers of high strength and resistance. 

 

 
Fig. 8.  Geopolymer prisms while testing. 

V. CONCLUSIONS 

• Geopolymers are an ecologically acceptable substitute for 
OPC in structural applications [15]. 

• Water absorption and void content increased by adding 
micro steel fibers at 240oC at 7 and 28 days of curing, 
which is considered an indication of durability. 

• For the mixes G1 and G2 with curing temperature of 240
o
C, 

the results of the density test showed increasing values with 
additional micro steel fibers while decreasing values with 
curing age.  

• Toughness index, ductility index, and resilience increased 
by adding micro steel fibers for all mixes. 
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Abstract-Urban vulnerabilities must be studied and assessed to 

make cities more resilient to floods. This study aimed to assess 

the urban vulnerability of El Bayadh city, located in the west of 

Algeria, to floods and to identify flood-prone areas. Using the 

Hierarchical Multi-criteria Analysis (HMA) method, a set of 
criteria was proposed such as population density, housing 

typology, type of equipment, and road network to measure the 

overall fragility of the study area. The Geographic Information 

System (GIS) was used to translate the obtained results and 

develop the global vulnerability map. The most important results 

were: 5.6% of the study area had an extreme vulnerability, 

7.97% high vulnerability, 8.5% medium vulnerability, and 
77.87% low vulnerability. The results of this study can be used 

as a tool to assist local authorities during decision-making 
regarding flood danger assessment. 

Keywords-flood; vulnerability; hierarchical multi-criteria 

analysis; geographic information system; El Bayadh 
 

I. INTRODUCTION  

Over time, the world has confronted various natural 
disasters [1]. Floods are among the most frequent and 
devastating natural hazards [2] and represent almost a quarter 
of all disasters due to their unpredictability. Floods are caused 
by a random combination of severe weather factors and human 
actions [3] and dramatically affect human life, economy, and 
environment [4]. Like other Mediterranean countries, Algeria 
is not immune to the risk of flooding due to the irregularity of 
rainfall, which has caused numerous disasters during the recent 
years [5]. Floods in urban areas constitute a severe risk and 
have become more frequent and severe along with the rapid 
and unstoppable urban development [6]. Given this situation, 
the present investigation aimed to assess the urban 
vulnerability to flooding risk of the city of El Bayadh, located 
in the west of Algeria. This area has suffered from numerous 
floods over time, as it happened in the city center in 2011 
causing the death of 12 people and affecting 400 families. Its 
fragility lies in its location, a sloping site, and the crossing by 
valleys. Creating a global map of urban vulnerability to floods 
is very important in reducing effects since it is an element of 

development and risk management. According to the 
conceptual approach to vulnerability proposed in [7], 
vulnerability encompasses the potential damage of the exposed 
issues. Therefore, the global analysis of vulnerability is a 
complex method that requires the superposition of numerous 
information on human, material, and environmental issues. For 
this reason, particular attention was paid in this study to the 
vulnerability assessment method. 

This research followed the Hierarchical Multi-criteria 
Analysis (HMA) method, one of the most famous 
methodologies for vulnerability assessments [8]. Multi-criteria 
decision-making methods are increasingly used in various 
fields, such as natural resource management, environmental 
management, and spatial planning [6-9]. The principle of this 
approach is the division of a complex problem into small parts 
in a hierarchical structure of importance. This principle allows 
calculating the weight of all criteria and sub-criteria to 
determine the synthetic index of global vulnerability. The 
integration of the results of the multi-criteria analysis in the 
Geographic Information System (GIS) allows the 
spatialization of the issues to elaborate the global map of 
vulnerability. Hence, the combination of HMA and GIS 
provides a powerful spatial decision support system [10]. 

II. MATERIALS AND METHODS 

A. The Study Area 

The municipality of El Bayadh is located in the west of 
Algeria between latitude 33°40' North and longitude 01°00' 
East. According to the data from the communal office of 
statistics in 2020, the city is an integral part of the high plains 
region that covers an area of 46,350 hectares occupied by a 
population of 197,313. The case study represents the urban 
center of the municipality with an area of 4,024 hectares, as 
shown in Figure 1. 

B. Data Collection  

The assessment of the overall vulnerability of the study 
area involves assessing the vulnerability of human, 
environmental, and material targets [11]. The factors used to 
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estimate the vulnerability, according to feedback and data 
availability, are ranked in terms of their importance. The 
weight of these criteria was calculated using the HMA method. 
The use of GIS enables the spatialization of the elements 
presented and the production of a synthetic map. 

 

 
Fig. 1.  El Bayadh city location. 

1) Population Density by Neighborhood 

Population density is one of the factors that determine 
social vulnerability. According to the data from the Directorate 
of Programming and Budgetary Monitoring of the Wilaya of 
El Bayadh and the municipal statistics office, the urban 
population of the study area will reach 109,664 inhabitants in 
2020. Figure 2 illustrates the imbalance in the distribution of 
the population as the density reaches 299 per hectare in some 
districts. 

 

 
Fig. 2.  Population density. 

2) Type of Housing 

The type of housing (individual or collective) plays a role 

in the overall vulnerability of the city. The Master Plan of 

Urban Planning and Development (MPUD) shows that 

individual housing is dominant in the city with 75% of the 

total housing stock, as seen in Figure 3. 

3) The Equipment 

The facilities are important components of the city, and 

their vulnerability to flooding influences the overall 
vulnerability. El Bayadh city has several facilities that occupy 

approximately 194 hectares, as seen in Figure 4. 

 

 
Fig. 3.  Housing typology. 

 
Fig. 4.  Type of equipment. 

4) Road Network 

Given the importance of this factor in terms of accessibility 
and transport, assessing its vulnerability to flooding is 

essential for the overall assessment. The road network of the 

city of El Bayadh is divided into three sections, primary, 
secondary, and tertiary, as seen in Figure 5. 

C. Methods  

The assessment of urban vulnerability to flooding risk is a 
complex process, knowing that global analysis requires a lot of 
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information on human, material, and environmental issues 
[11]. Investigating the history of flood events and studying the 
statistics of previous experiences can build a repertoire of 
vulnerable issues. The HMA method [12] was used to assess 
the global vulnerability of the city of El Bayadh and to develop 
the vulnerability map. HMA is a theory of relative 
measurement of intangible criteria [13]. This method is a 
framework for effective and rapid decision-making through 
simplification and the dissociation of the complex problem 
into parts [14]. The approach is usually based on three main 
elements: the decomposition of the complex problem into a 
hierarchy, measuring the priorities between the elements of 
each section, validating the consistency between the priorities, 
and the data of the judgments [12]. This method is used in 
business management or projects and deals with problems 
related to choices. Several researchers have already used it to 
assess a territory's vulnerability to flooding [14-18]. The multi-
criteria analysis combined with GIS allows the spatializing and 
mapping of the vulnerable elements, as seen in Figure 6. 

 

 
Fig. 5.  Road network. 

 
Fig. 6.  The analysis method followed in this study. 

1) Hierarchical Multicriteria Method (HMA) 

HMA is a systematic procedure for representing the 
elements of any problem [20]. This method provides an 
approach to calculate weights and evaluate criteria. It consists 
of three main steps: decomposition of the problem, 
comparison and synthesis of priorities, and the study of the 
consistency of judgments. 

a) Decomposition of the Problem 

The HMA method breaks down the overall problem into 
smaller assessable criteria while maintaining their impact on 
the whole. The problem was broken down into three levels: 
objective, criteria, and possible alternatives [21]. 

b) The Comparison 

This step involves the construction of a square matrix for 
the relative comparison of criteria of the same nature and level 
of the hierarchy. The appropriate numerical scale was 
proposed in 1980, as seen in Table I, to assess the intensity of 
importance only for the upper part of the matrix, as the lower 
part contains reciprocal results [22]. 

TABLE I.  THE APPROPRIATE NUMERICAL SCALE [22] 

Levels of 

importance 
Explanation 

1 Two features contribute equally to the objective. 

3 
Personal experience and appreciation slightly favor one 

aspect over another. 

5 
Experience and appreciation strongly favor one 

characteristic over another. 

7 
One characteristic is strongly favored, and its 

dominance is evidenced in practice 

9 
The evidence favoring one characteristic over another is 

as convincing as possible. 

2,4,6,8 When a compromise is necessary. 
 

The matrix is filled according to the following equation: 

� �
�
��
�

1 �1.2 �1. 

1/�1.2 1 �2. 


1
1/�1. 
 1/�2. 
 1 �


�
    (1) 

c) Consistency of Judgments 

To test for consistency and judge whether the data obtained 
are logically related to each other, Thomas Saaty proposed the 
following steps: 

�� � ������
���     (2) 

where CI is the consistency index, λmax is the largest 
eigenvalue of the matrix, and n is the number of criteria. In (3), 
CR is the final consistency rate, CR controls whether the 
evaluations are sufficiently consistent, and RI is the random 
consistency index based on the number of criteria used in the 
matrix (Table II). 

 

�� � �� ⁄ ��    (3) 
If CR is higher than 0.1, there is an inconsistency in the 

assessments. Therefore, the matrix will have to be reassessed. 
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TABLE II.  RANDOM CONSISTENCY INDICES 

n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 
 

2) Geographical Information System (GIS) 

After obtaining the results on the weight of each criterion 
by the HMA, it was necessary to combine the multi-criteria 
analysis tools with GIS to spatialize the vulnerable areas [23]. 
GIS is an ideal tool because of its ability to manage large 
amounts of spatial data acquired from different sources [24, 
26]. GIS provides better results and interpretations in flood 
management [25]. Integrating MCDA methods into GIS 
constitutes a powerful spatial decision support system [10]. 

III. APPLICATION, RESULTS, AND DISCUSSION 

This study was based on the HMA method, using 
sequential prioritization to assess the urban vulnerability of El-
Bayadh to flooding. Flood risk criteria were determined by 
consulting the available documents on the consequences of 
floods that had already hit the area and discussions with the 
city's local authorities [27]. The criteria used in the HMA 
process, as in the comparison matrices, were population 
density (A), housing typology (B), facility typology (C), and 
road network (D). The damage levels of each criterion 
recorded in the previous flood events were applied in the Saaty 
importance level when constructing the comparison matrices 
to be translated into weights. The same comparison and 
evaluation procedure was applied for the sub-criteria of the 
same level.  

TABLE III.  CRITERIA COMPARISON RESULTS  

 A B C D Weight Ranking 

A 1 2 3 5 0.468 1 

B 1/2 1 3 3 0.291 2 

C 1/3 1/3 1 5 0.172 3 

D 1/5 1/3 1/5 1 0.067 4 

TABLE IV.  RESULTS OF CONSISTENCY CHECK ON EVALUATIONS 

N λmax CI RI CR Coherence 

4 4.21 0.07 0.9 0.08 CR<0.1 

TABLE V.  RESULTS OF HMA ASSESSMENTS OF THE SUB-CRITERIA 

Criteria Sub-criteria Weight Ranking 

Density 

0-27 00523 5 

28-88 0.089 4 

89-134 0.152 3 

135-220 0.262 2 

221-299 0.443 1 

housing 

typology 

Individual 0.75 1 

Collective 0.25 2 

Type of 

equipment 

Security 0.205 2 

Education 0.176 3 

Health 0.261 1 

Administrative/service 0.168 4 

Commercial 0.037 7 

Religious 0.071 6 

Sport/cultural 0.081 5 

Road 

network 

Main 0.637 1 

Secondary 0.258 2 

Tertiary 0.105 3 

Based on the results of the multi-criteria analysis, the 
weights of the criteria were aggregated into GIS software 
QGIS. Using raster calculation practices, each raster was 
multiplied by the criteria weights according to (4) to produce 
the global urban vulnerability map shown in Figure 7. 

Global	urban	vulnerability � 0.468 , A . 0.291, B .0.172, C .0.067 ,D	    (4) 
 

 
Fig. 7.  Global urban vulnerability map. 

Table VI shows a numerical interpretation of the global 
vulnerability map. The surface area of the low vulnerability 
zones was estimated at 77.87% with a surface area of 3133ha, 
the medium vulnerability zones were estimated at 8.56% with 
a surface area of 344.27ha, the high vulnerability zones were 
estimated at 7.97% with a surface area of 320.60ha, and the 
remaining 5.6% represents the extreme vulnerability zones 
with a total surface area of 225.46ha. 

TABLE VI.  HMA ASSESSMENTS OF GLOBAL VULNERABILITY 

RESULTS 

Degree of vulnerability Area (ha) Percentage (%) 

Low vulnerability 3313.42 77.87 

Medium vulnerability 344.27 8.56 

High vulnerability 320.60 7.97 

Extreme vulnerability 225.46 5.6 

 

As shown in Figure 7, the areas of high and extreme 
vulnerability are located in the city center, where the 
population density is very high, require adequate planning, and 
local authorities should investigate optimal solutions. 

IV. CONCLUSIONS 

This study evaluated the urban vulnerability to flooding 
risks in El Bayadh, Algeria, using the HMA method, which is 
based on the division of a complex problem into parts. For this 
purpose, the previous flood events were examined to bring out 
the criteria and sub-criteria of the same level that impact 
global vulnerability. The criteria obtained by consulting the 
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documentation on the history of flooding in the study area and 
used in the HMA process were: population density, typology 
of existing housing, classification of installed equipment, and 
road network. In the second stage, the importance of these 
criteria and sub-criteria was compared with the grading scale 
proposed by Thomas Saaty. The consistency of the evaluations 
was examined by constructing a binary matrix, and was 0.08, 
less than 0.1, so it was acceptable. After the prioritization and 
determination of the weights of each criterion and sub-
criterion, the results of HMA were integrated into a GIS tool to 
spatialize the exposed issues and map the vulnerable areas. 
Based on the results and interpretations obtained through this 
evaluation, the following conclusions were drawn: 

• The development of a global flood risk vulnerability 
assessment model requires integrating a lot of detailed 
information on human, material, and environmental issues. 

• This research confirms that HMA is a flexible and optimal 
process for evaluating the various factors and ranking them 
according to their importance. 

• The integration of GIS tools allows the spatialization of 
vulnerable issues and the mapping of global vulnerability. 

• The final results of the general assessment show that the 
areas of high and extreme vulnerability are located in the 
city center, where there is a high population density, and 
represent a 13.57% rate with a surface area of 546ha. In 
comparison, low- and medium-vulnerability areas 
represent 86.3% of the study area with a surface of 
3,658ha. 

The local authorities of El Bayadh city should take 
appropriate preventive measures to reduce the risk of flooding 
by restructuring the most vulnerable areas. The originality of 
the analysis and assessment method was based on the use of a 
model appropriate to the context of El Bayadh and the criteria 
used in the HMA method. Furthermore, more studies should 
be conducted in the future using other criteria that could 
reduce the risk of flooding. 
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Abstract-In this paper, a low power consumption long range 
wireless data acquisition system for PV installations, consisting of 

a set of sensors connected wirelessly with one or several 

monitoring/control systems was designed and implemented. The 

wireless communication between devices is based on LoRa 

technology. LoRa is a spread spectrum modulation technique 

derived from Chirp Spread Spectrum (CSS) technology. It offers 

a long-range low power wireless platform, suitable for 
professional wireless sensor network applications. The 

integration of this technology in PV installations provides an 

extensive, low cost, power-efficient, and easy to maintain, system. 

Design, high-layer communication protocol, and hardware 

implementation of sensors are discussed. The sensor set consists 

of a voltage/current sensor, a sun irradiance sensor, a panel 

position sensor based on an accelerometer/magnetometer for sun 
tracking installations, a temperature and humidity sensor, and a 
mobile monitoring system. 

Keywords-photovoltaic system; data acquisition; LoRa sensor; 

wireless sensor network; accelerometer; magnetometer; irradiance 

I. INTRODUCTION  

A monitoring/control system of photovoltaic (PV) arrays 
requires a comprehensive data acquisition system in order to 
measure the different parameters required for a proper 
conduction of production. It consists of a set of measurement 
sensors which detect and measure physical properties such as 
temperature, voltage, current and position [1]. The measured 
signals pass through an acquisition card which has the role of 
conditioning, digitalizing, processing, and displaying these 
signals. These measurements are necessary for healthy and 

effective monitoring and control of the system. With the 
revolution of communication technologies, and the continuous 
evolution of wireless technology, wireless has nowadays 
become one of the most dominated communication 
technologies, opening a range of capabilities to other domains 
[2]. Over the last decade, low-power long range technologies 
have received a lot of attention. They have enabled new types 
of services while simplifying network structures, deployment, 
management and maintenance [3]. A Wireless Sensor Network 
(WSN) offers a lot of advantages over classic wired networks: 

• It is cost effective. The cost of implementing a wireless 
network is relatively less expensive than that of a wired 
network. 

• It is easy to install and easy to maintain. The 
implementation of a wireless network is faster, easier, and 
requires less equipment. 

• It offers mobility and flexibility. 

• It can be deployed on a large scale [3]. 

• It can be monitored or accessed from a remote location. 

• It usually has software topology (star, tree, ring, mesh), 
while wired networks have hardware topology. 

• It is characterized by low power consumption, which is one 
of the most important factors in a PV installation [4, 5]. 

This article proposes a low power wireless data acquisition 
system for PV installations based on LoRa technology. LoRa 
(Long Range) is a spread spectrum modulation technique 
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derived from CSS technology [6]. LoRa technology is a long 
range, low power wireless platform. It enables smart 
applications that solve challenges such as energy management 
[7]. It is a physical layer implementation and is agnostic to 
higher-layer implementations. This allows LoRa to coexist and 
interoperate with existing network architectures [8]. For the 
purpose of this article, a set of sensors integrated with LoRa 
technology has been involved. 

II. SENSOR ARCHITECTURE 

The proposed acquisition system consists of set of 
transmitters integrated with LoRa transceivers and connected 
wirelessly with one or several monitoring/control systems. The 
general architecture is presented in Figure 1. 

 

 
Fig. 1.  Lora based transmitter architecture. 

As shown in Figure 1, the microcontroller unit serves for 
processing and conditioning of sensor measurement, 
configuration and setting the LoRa module, receiving data 
requests through the LoRa module, and sending processed data. 
The LoRa module serves for receiving data requests from other 
devices, transmitting MCU’s processed data and waking-up the 
MCU from the power saving mode when requests are received. 

III. WORKING PRINCIPLE 

LoRa is a physical layer implementation. The high layer 
communication protocol of the system is discussed in this 
section. The sensor working flowchart is shown in Figure 2. 
The transmitter starts with initialization and configuration. The 
first thing to do is setting the LoRa module’s address and 
wireless channel. Then it initializes the sensor configurations 
and ports. After this step, the sensor enters power saving mode. 
A data request received by the LoRa module wakes up the 
MCU which starts directly to process sensor measurements and 
then sends them to the LoRa module’s buffer. After that, the 
sensor returns to waiting mode (power saving). This allows 
maximum power saving. 

The data request signal is a data packet which contains the 
sensor’s address, sensor’s channel, receiver's address and 
receiver's channel. The measurement data packet sent by the 
transmitter contains the address and the channel of the receiver 
and the processed measurement data. A monitoring/control 
system could have a LoRa wireless module to communicate 

with sensors, or it could be connected to a gateway which 
converts the LoRa protocol to other network protocols such as 
Ethernet (local network) or internet (global network). 

 

 
Fig. 2.  Sensor working flowchart. 

IV. HARDWARE DESIGN 

A set of wireless sensors needed in PV installations were 
designed. In the MCU side, the sensors were designed on the 
base of the Ultra-Low Power (ULP) consumption 
STM32L031C6 MCU from ST Microelectronics. This MCU is 
based on the ARM Cortex-M0+ CPU architecture. It provides a 
maximum clock speed of 32MHz, 12 bit Analog to Digital 
Converter (ADC), I2C and UART communication, etc. [9]. 
These specifications are sufficient for battery powered sensor 
applications. Some key specifications of the MCU are 
illustrated in Table I. 

TABLE I.  STM32L031X6 MCU SPECIFICATIONS [9] 

STM32L031x6 

CPU ARM Cortex M0+ (NVIC, MPU, SW debug) 

Frequency 

Xtal oscillators: 32KHz + 1 to 32MHz 

Internal RC oscillators: 38KHz + 16MHz 

Internal multispeed ULP Oscillator: 64KHz to 4MHz 

Memory 
32 KB Flash, 8 KB SRAM, 1 KB EEPROM, 20 bytes backup 

data 

Control 1×ULP 16-bit timer, 3×16-bit timer 

Analog 2×ULP comparators, 1×10 channels 12-bit ADC 

Connectivity 1×ULP UART, 1×SPI, 1×I2C, 1×USART 

Power 1.8 V regulator (), 3 modes voltage scaling 

Other specs 
RTC/AWU, clock control, 7-channel DMA, 2x watchdogs, 

CRC, etc. 

 

Also, LoRa E32-433T20D wireless transceiver modules 
were involved in the design. These modules are wireless serial 
port (UART)-based on the SX1278 chip from SEMTECH. 
They have multiple transmission modes and work in the 
410MHz-441MHz LoRa spread spectrum technology [10]. 
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These modules provide an output pin to wake-up the MCU 
from sleep mode when wireless data are available (Aux pin), 
two pins to set the working mode (M0 and M1) in addition to 
the UART interface pins and power supply pins. The module’s 
specifications are shown in Table II. 

TABLE II.  E32-433T20D LORA MODULE SPECIFICATIONS [10] 

RF Parameter Value 

Working frequency 410~441MHZ 

Transmitting power 10~20dBm 

Receiving sensitivity -146dBm 

Air data rate 0.3k~19.2Kbps 

Test distance 3000m 

Hardware parameter Value 

Size 21×36mm 

Antenna type SMA-K 

Communication interface UART 

Package DIP 

Buffer 512 bytes buffer 

 

Parameter setting of the module was done through the 
UART interface. To configure the module, it has to be set in 
parameter setting mode (M0 and M1 are set to high level), and 
then a configuration message is sent to the module through the 
UART interface. The configuration message consists of a six-
byte data package: 

• HEAD: 0×C0 or 0×C2 [10]. 

• ADDH: high address byte of the module. 

• ADDL: low address byte of the module. 

• SPED: to configure UART parity bit and baud rate and air 
data rate. 

• CHAN: communication channel. 

• OPTION: to configure other options like transmission 
mode, transmission power, wake-up time, etc. 

Address, working channel, parameter setting, and working 
mode are done automatically by the MCU during the 
initialization and configuration phase discussed in the previous 
section. The general sensor schematic of the combination of 
MCU and LoRa module, including the power supply section 
and the programming interface is presented in Figure 3. This 
schematic is then customized for each sensor type as required 
for proper working. 

A. Voltage/Current Sensor 

Voltage and current are the most important measurements 
in a PV installation. To ensure good power control and 
monitoring, accurate current and voltage sensing is necessary. 
For example, these measurements can be used to extract the 
maximum power available [11]. For this purpose, a 
voltage/current senor integrated with a LoRa transceiver is 
designed. For voltage measurement, the classical voltage 
divider method is used to adapt the voltage with the ADC of 
the MCU. The measured analog signal is then multiplied with 
the voltage dividing ratio in order to get the measured voltage 
value: 

� � ���	. ��	

����	� 		 . �����

��     (1) 

where ��� is the ADC input voltage, ����  is the ADC reference 
voltage, ������  is the ADC resolution, and �� and �� are the 
resistors of the voltage divider. To minimize the extent to 
which the process of measuring affects the voltage being 
measured, a voltage follower is placed to achieve high input 
impedance. This ensures that the reading is not altered by 
subsequent components in the measurement circuit. A 
simplified voltage measurement circuit is shown in Figure 4. 

 

 
Fig. 3.  LoRa sensor generic schematic. 

The schematic of the voltage sense circuit is shown in 
Figure 5. V_SENS is connected to the pin 19 of the MCU 
(PB1). The most common and accurate approach to current 
sensing is the resistive approach. A small value precision shunt 
resistor is placed into the current path with a differential 
amplifier to measure the voltage drop across it. The measured 
voltage drop is proportional to the current flowing through the 
resistor. To maximize accuracy, specialized current sensing 
amplifiers are involved. They have a unique input stage that 
enables a significantly high common mode voltage. In addition, 
they integrate high precision and low drift gain which 
maximize measurement accuracy. For this purpose, the 
integrated current shunt and power monitor INA219 [12] is 
used. The INA219 communicate with the MCU through the 
I2C interface. The current sense circuit is shown in Figure 6. In 
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order to handle high current, two parallel shunt resistors are 
used instead of one. 

 

 
Fig. 4.  Voltage divider circuit for voltage measurement. 

 
Fig. 5.  Voltage sensing schematics. 

 
Fig. 6.  INA219 current sensing circuit. 

The designed PCB for voltage and current sensing is 
presented in Figure 7. As shown in Figure 7, the sensor can be 
supplied directly from the source to be measured by shorting 
the jumper "JP1" or it can be supplied by an external source 
("J3"). 

B. Irradiation Sensor 

The amount of radiant flux incident on a known surface 
area is called irradiance. Irradiance is the radiometric 
measurements of the solar spectrum that is observed as power 
per unit area (W/m

2
). Solar irradiance monitoring in solar 

energy production systems is important in order to know how 
much power a solar project could potentially harvest from the 
sun. Whereas the photometric spectrum is measured in 

lux(lumen/m2), the ratio "0.0079 W/m2 per lux" can be used to 
find approximate sun irradiance using photometric sensors 
[13]. In this context, the BH1750 lux sensor is used as an 
irradiance sensor.  

 

 
Fig. 7.  Voltage and current LoRa sensor PCB design. 

C. Panel Position Sensor 

In case of sun tracking PV installations, the measurement of 
the azimuth and elevation angles of solar panels is important. 
These measurements can be used by the positioning control 
system for position feedback and for monitoring. For this 
purpose, a combination of a 3-axis magnetometer and an 
accelerometer are used. This module communicates with the 
MCU through the I2C interface. The magnetometer in the 
module can be used as a digital compass to measure the 
azimuth. The heading of the digital compass is calculated by: 

� � �� �!�	"#$#% & '% . �()*     (2) 

where �  is the heading of the compass, +,  and -,  are 
respectively the X-axis and Y-axis of the magnetometer, and ' 
represents the magnetic declination angle.  

The heading is then shifted toward south and scaled to 
measure azimuth (degrees in east and degrees in west). 

The 3-axis accelerometer can be used to calculate the 
elevation angle of panels. Elevation angle . can be calculated 
by (3): 

. � atan2 $3
4"3��53�

6. �()
*     (3) 

where +7 ,	-7 and 87 are respectively the X-axis, Y-axis and Z-
axis of the accelerometer. Elevation angle is also scaled to be 0 
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when the panel is in vertical position. When the panels move 
upward, . will be greater than 0 and vice versa when the panel 
move downward. The PCB for the panel position LoRa sensor 
based on the accelerometer-magnetometer module is shown in 
Figure 8. 

 

 
Fig. 8.  Panel position LoRa sensor PCB design. 

 
Fig. 9.  Temperature & humidity LoRa sensor PCB. 

D. Ambient Temperature and Humidity Sensor 

The ambient temperature and humidity LoRa sensor is 
based on the capacitive digital temperature and humidity sensor 
AM2301 (DHT21). The sensor works with one wire protocol. 
The PCB for the temperature and humidity LoRa sensor based 
on the AM2301 sensor is shown in Figure 9. 

V. IMPLEMENTATION 

Due to the non-availability of the STM32L031 MCU’s at 
the time this article was written, the implementation was done 
using STM32F103 boards which have almost the same pinout 

and architecture as the STM32L031, and a couple of Arduino 
Uno and Arduino Nano boards. Because of the limited number 
of E32-433T20D modules, irradiance and panel position 
sensors were combined in the same board. In order to test the 
system, a mobile monitoring device was also implemented. To 
make programming easier, a library was built that contains a 
set of functions for configuration and initialization of the LoRa 
modules. The library contains a table of configurations for a list 
of devices. The configuration list is illustrated in Table III. 

TABLE III.  LORA DEVICES CONFIGURATION LIST 

Device Configuration (HEX) 

Voltage/Current sensor 00 01 1A 17 C4 

Irradiance/Position sensor 00 02 1A 17 C4 

Temperature/Humidity sensor 00 06 1A 17 C4 

Monitoring device 01 02 1A 17 C4 

 

According to the datasheet of the LoRa modules [4], the 
first two bytes present the addresses of the device. The third 
byte ("1A") means: 

• UART rate = 9600bps. 

• Parity = 8N1 (8 data bits, N: no parity bit, 1 stop bit). 

• Air Rate = 2.4Kbps. 

The fourth byte ("17") means that the modules work on 
channel 23 (433MHz). The fifth byte ("C4") means: 

• RF output power = 20dBm. 

• Forward Error Correction (FEC)= enabled. 

• Fixed mode transmission = enabled. 

• Wake On Radio (WOR) timing = 250ms. 

• IO mode = PushPull. 

In accordance to the sensor flowchart given in Figure 2, the 
LoRa modules are configured automatically after the device is 
powered on or reset. That also makes the modules replaceable 
and interchangeable between the devices. 

A. Voltage/Current Sensor 

For voltage and current sensing, the implementation 
consists of an Arduino Nano board, a voltage divider breakout 
board for voltage sensing with an op-amp used as a voltage 
follower connected to analog input pin "A6", and the INA219 
breakout board for current sensing connected to the I2C 
interface of the Arduino. The LoRa module is connected to the 
Arduino in the following manner: 

• M0 is connected to digital pin 8. 

• M1 is connected to digital pin 7. 

• Rx is connected to Arduino’s Tx pin. 

• Tx is connected to Arduino’s Rx pin. 

• Aux is connected to digital pin 7. 

The implementation of the voltage and current sensor is 
illustrated in Figure 10. 
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Fig. 10.  LoRa Voltage/Current sensor implementation. 

The Arduino Nano has a 10-bit ADC and works at 5V 
supply. The ADC reference voltage is 5V. The resistors of the 
voltage divider ��	and ��	have respectively values of 30 and 
7.5kΩ. The voltage is calculated by (1). Current measurement 
is given to the MCU by the INA219 current sensor through the 
I2C interface. 

B. Irradiance/Position Sensor 

For the irradiance and position sensor, an Arduino Uno 
board is used. In addition to the Arduino, the implementation 
consists of a BH1750 lux sensor for irradiance measurement 
and the GY-80 IMU module which contains the HMC5883L 3-
axis magnetometer and the ADXL345 3-axis accelerometer for 
azimuth and elevation measurement. The LoRa module is 
connected to the Arduino UNO in the following manner: 

• M0 is connected to digital pin 11. 

• M1 is connected to digital pin 12. 

• Rx is connected to Arduino’s Tx pin. 

• Tx is connected to Arduino’s Rx pin. 

• Aux is connected to digital pin 13. 

The implementation is shown in Figure 11. It can be seen 
that both the BH1750 and the GY-80 modules are connected to 
the Arduino through the I2C interface and the LoRa module is 
connected to the UART interface of the Arduino. The 
calculations of the panel’s azimuth and elevation are done by 
(2) and (3). The extracted data are then scaled for the proposed 
application. The magnetic declination angle in (2) is set 
according to our location of 1.6° East. In the initialization 
phase, the MCU calibrates both magnetometer and 
accelerometer in order to remove the offset error. 

C. Temperature/Humidity Sensor 

For temperature and humidity sensor, a STM32F103 board 
is used with the AM2301 temperature and humidity digital 
sensor and the LoRa module. The STM32F013 has almost the 
same pinout diagram with the STM32L031 MCU. The data 

wire of the AM2301 is connected to pin PB0. The LoRa 
module is connected to the board in the following manner: 

• M0 is connected to the pin PB15. 

• M1 is connected to the pin PA8. 

• Rx is connected to the pin PA9. 

• Tx is connected to the pin PA10. 

• Aux is connected to the pin PA11. 

The implementation of temperature and humidity sensor is 
shown in Figure 12. 

 

 
Fig. 11.  LoRa irradiance/panel position sensor implementation. 

 
Fig. 12.  LoRa temperature/humidity sensor implementation. 

D. Monitoring System 

In order to test the functionality and the range of the 
proposed acquisition system, a mobile monitoring system has 
been implemented. It consists of an STM32F103 MCU board 
integrated with a LoRa module and a character LCD. The 
implementation is presented in Figure 13. The monitoring 
device communicates with the LoRa sensors using a wireless 
token ring topology. It loops through the installed sensors by 
sending data requests. For each sensor, it sends a data request 
and waits for a response for a predetermined time. If the 
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waiting time ends without getting the sensor data (timeout), the 
monitoring device resends a second request. If there’s no 
response for the second time, the monitoring system bypasses 
the sensor to the next sensor in the ring loop. Figure 14 shows 
the working algorithm flowchart of the monitoring device. The 
timeout is set for this application at 1s and it can be redefined. 
The received data are displayed on the LCD screen as shown in 
Figure 15. 

 

 
Fig. 13.  LoRa monitoring system implementation. 

 
Fig. 14.  Monitoring device working principle. 

VI. RESULTS 

An example of the obtained results in the display mobile 
monitoring system, after the installation of the system, is 
shown in Figure 15. The system reaches up to 1200 meters in 
open space area and up to 400 meters in a building area with 
3dBi antennas. We have noticed a delay in elevation angle 
evolution and an offset of about 10 degrees in azimuth angle. In 

order to furthermore test the performance of the system, a 
LoRa data logged measurement module was installed to a PC 
through a USB to serial converter. The installed LoRa module 
was configured with the same address as the mobile monitoring 
device. When a sensor transmits the requested measurements to 
the monitoring device, the data will be also received by the PC-
installed LoRa module. The received data are acquired by the 
AccessPort serial debugging software, as shown in Figure 16. 

 

 
Fig. 15.  LoRa mobile monitoring system display. 

 
Fig. 16.  AccesPort serial software interface. 

 
Fig. 17.  Voltage and current data plot from test. 
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The system has been tested with a fixed panel position 
(azimuth = 10°E, elevation= 45°) and a fixed 39Ω load for a 
full day, from sunrise to sunset for approximately 15 
hours(5:15 AM to 20:45 PM). The obtained voltage and current 
measurements are shown Figure 17. The power curve is 
illustrated in Figure 18. The acquired irradiance data are shown 
in Figure 19. Temperature and humidity are shown in Figure 
20. Panel position measurements (azimuth and elevation) are 
illustrated in Figures 21 and Figure 22 respectively. 

 

 
Fig. 18.  Power curve data plot from the test. 

 
Fig. 19.  Obtained irradiance measurements from the test. 

 
Fig. 20.  Temperature and humidity data from the test. 

 
Fig. 21.  Azimuth measurement data from the test. 

 
Fig. 22.  Azimuth measurement data from the test. 

As shown in Figures 19 and 20, the output power of the 
panel is proportional to the irradiance. It increases when 
irradiance increases until ~11:00 AM. At this point the panel 
reaches its maximum power output which stops increasing until 
~ 15:00. From this point, the panel’s output power decreases 
along with irradiance until sunset. As shown in Figures 21 and 
22, a small offset of 0.5 degrees due to installation uncertainty 
is noticed. Besides that, azimuth and elevation measurements 
seem to be relatively stable. The absolute deviation of both 
azimuth and elevation measurements is illustrated in Figure 23. 

This work tends to integrate wireless technologies with PV 
supervising and control systems due to their advantages in 
comparison with old wired systems. Despite the existence of 
other wireless technologies like GSM, Zigbee, Bluetooth, and 
Wi-Fi, LPWANs represent the trend of the future of IoT and 
industrial applications [14]. These are designed for long range 
communication with low power consumption and low costs 
[15]. Among existing LPWANs, LoRa and SigFox are the most 
popular LPWAN technologies deployed nowadays [15-17]. 
Though LoRa has some limitations, such as latency and low 
data throughput compared to Wi-Fi and GSM, it provides a 
promising solution for industrial uses [18]. Furthermore, the 
CSS type modulation used in LoRa can send six-times more 
data-packets than Sigfox [19]. Also, it shows good 
performances under the impact of different weather conditions 
[20] which make it ideal for PV installations. 
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Fig. 23.  Absolute deviation of azimuth and elevation measurements. 

VII. CONCLUSION 

In this paper, a long-range wireless data acquisition system 
for PV installations based on LoRa technology has been 
designed and implemented. General sensor architecture 
working principle and hardware design have been detailed. A 
LoRa voltage/current sensor, an irradiance sensor based on a 
lux sensor, a panel position sensor based on a magnetometer 
and an accelerometer, and a LoRa temperature and humidity 
sensor have been designed and implemented. A mobile LoRa 
monitoring device has been implemented in order to test the 
proposed system.  

The aim of the project is the integration of new 
technologies regarding the surveillance and control of PV 
systems. A long range and low power wireless data acquisition 
system opens a range of capabilities for new applications in 
renewable energy domain. 

Future works will focus in improvements of the stability of 
position sensor (involve gyroscope in azimuth and elevation 
measurement) and the implementation and integration of 
advanced control and supervising systems based on new 
approaches such as Machine Learning algorithms. 
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