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A B S T R A C T   

Refractory linings are commonly employed in Industrial vessels used in high-temperature processes to protect 
them against extreme working environments. The working lining of an industrial steel ladle frequently employs 
mortarless refractory masonry to contain the molten steel and limit heat losses. Such masonry lining undergoes 
high thermomechanical loads, primarily due to thermal expansion arising from thermal and mechanical 
boundary conditions. Dry joints, described as a physical break in the continuum, reduce some of these effects. 
Therefore, understanding dry joints is an essential factor for developing numerical constitutive models that 
employ a meso or macro modelling approach. This work aims to experimentally investigate the normal 
compressive behaviour of dry joints in refractory masonry. For this purpose, various refractory specimens of 
alumina-spinel material are tested from ambient temperature to 1200 ◦C. The results obtained from these ex-
periments are then used to identify critical joint parameters with different mathematical models for the interface. 
The outcome describes exponential joint closing behaviour with respect to the force applied. It was observed that 
the pressure required to close a joint reduces with an increase in temperature. The exponential model was then 
used to numerically simulate the joint closure of mortarless refractory masonry. Finally, numerical and exper-
imental results were compared.   

1. Introduction 

Masonry is a widespread structural element that is being employed in 
various construction projects. The composition of units (bricks, stones, 
and refractory materials) and joints (mortar or mortarless) defines ma-
sonry. Mortarless masonry (also known as dry-stacked masonry) is 
present in a wide range of applications, from historical to modern in-
dustrial structures. Masonry as refractory linings is frequently found in 
industrial vessels used in high-temperature processes to ensure protec-
tion against the material they contain [1–4]. One of the best examples is 
the steel ladle, where the refractory masonry is subjected to an extreme 
environment with high thermal and mechanical loads. The refractory 
working lining of an industrial steel ladle frequently employs mortarless 
refractory masonry to contain the molten steel and limit heat losses 
[5,6]. It can experience temperatures up to 1650 ◦C during thermal 
loading due to the storage of molten steel [7]. 

The configuration of a mortarless refractory lining in an industrial 

steel ladle is illustrated in Fig. 1. A working lining is built from many 
individual tapered bricks. This lining undergoes high thermomechanical 
loads during this operational condition resulting from the combined 
effects of thermal shocks and mechanical and thermal constraints [8]. 
The thermal shocks are induced when the molten steel is introduced into 
the ladle, which also applies ferrostatic pressure to the working lining. 
However, this ferrostatic pressure is marginal when compared to the 
stresses induced by the thermal loads. Thermal constraints are generated 
due to thermal expansion, thermal gradient within the brick and the 
restraining effect of the outer steel shell. Under such service conditions, 
refractories may exhibit elastic and inelastic behaviour that is dependent 
on the duration and magnitudes of the thermal and mechanical loads 
and the materials’ properties. Plasticity and visco-plasticity effects at 
higher temperatures are attributed to the inelastic behaviour of re-
fractory, which is responsible for the irreversible deformation of the 
material and consequently to the overall behaviour of the structure [9]. 
Such loading and restraining conditions can generate normal 
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compressive stresses in the ranges of 25–60 MPa at various parts of the 
refractory lining and the experimental studies on refractory masonry 
walls are often used to create such conditions and validate the numerical 
models [10,11]. Direct contact between the bricks’ surfaces defines a dry 
joint in masonry. This joint provides a physical break in the continuous 
media that reduces the global stiffness of the masonry, thus assisting to 
reduce the stress build-up. Therefore, characterisation of the dry joint is 
an essential step to understand its global behaviour. 

The behaviour of dry joints under normal compressive stress is of 
fundamental importance to the study of the mechanical behaviour of 
mortarless masonry. The aperture distribution of joints, contact area 
distribution and spatial connectivity of the bricks are the main factors 
that govern the dry joint behaviour [6,12,13]. It is also generally un-
derstood that the mechanical behaviour of mortarless masonry is 
dominated by the deformation of the dry joints [2,5,7,14]. 

The most fundamental properties of the bounding surfaces of dry 
joints affecting the joint closure include the material type, contact area 
distribution, and the spatial and size distributions of the asperities on the 
surfaces (Fig. 2) [12]. Surface roughness is generated as a part of the 
manufacturing process or due to manual cutting of the brick. Geometric 
tolerances primarily appear due to manufacturing tolerances and non- 
parallelity of the surfaces during construction. These surface asperities 
gradually close once the normal compressive force is applied. Smaller 
asperities (rough surfaces in initial contact) close during the initial 
phase. Progressively, the more significant gaps (surface non-parallelity) 
close, reducing the effective joint thickness. 

Despite the wide use of mortarless masonry and the complex 
behaviour of dry joints under normal compressive stress, limited 
experimental research is available on this topic in the literature. Gasser 
et al. [15] performed an experimental study to evaluate the behaviour of 
refractory bricks with dry joints at ambient temperature. The study 
concluded that the joint behaviour could be categorised into two steps, a 
nonlinear part corresponding to the joint closure and a linear part 
attributed to the bricks’ behaviour (i.e., joint fully closed). The study 
also found that the joint closure is affected by the surface roughness and 

the brick shape imperfections such as unevenness of the faces. Andreev 
et al. [13] evaluated the compressive behaviour of refractory prisms of 
magnesia-carbon and magnesia-chromite bricks at various tempera-
tures. The study observed an exponential form of joint closure due to the 
gradual crushing of initially non-parallel surfaces of the specimens. 
However, the presented experimental work did not evaluate the joint 
opening behaviour. Allaoui et al. [16] experimentally investigated joint 
closure behaviour in refractory masonry at ambient temperature. They 
found that joint closure involves roughness crushing and surface ad-
justments, which is a heterogeneous, orthotropic, and nonlinear process. 
Oliveira et al. [6] performed a cyclic joint closure test on alumina-spinel 
bricks at ambient temperature. They found similar nonlinear joint 
closing and opening characteristics under normal compressive stress. 
However, the relation between the gradual closing of joints during cy-
cles was not evaluated. From the literature, it can be observed that most 
of the research is focused on the joint closure behaviour at ambient 
temperature. The evaluation of the joint closing and opening behaviour 
under compressive force cannot be found at high temperatures, where 
the refractory materials are often used. 

Numerical simulations are used to design, predict, or observe the 
behaviour of masonry structures at various operating temperatures 
[17–23]. These models can either be a detailed meso-model with bricks 
and joints, or a macro-model that replaces bricks and joints with a 
homogenised equivalent material. For both approaches, an accurate 
representation of a dry joint requires a comprehensive understanding of 
its behaviour under normal and shear loads at various high tempera-
tures. However, a numerical method to simulate joint behaviour is 
limited in the field of refractory materials. The Coulomb friction law 
rules the shear behaviour of the dry joint, and only the friction angle 
needs to be identified [1,6,15,24]. Oliveira et al. [6] adopted a mathe-
matical model developed by Thanoon et al. [25] for the normal 
compressive joint behaviour. However, other models of joint closure 
behaviour that are found in the field of rock mechanics [12,26–29] are 
not yet evaluated and validated in the research for mortarless refractory 
masonry. These models are used for the joint deformability under the 
action of normal compressive forces and the observed behaviour is 
similar to the behaviour observed for dry joints in mortarless masonry. 
Validation of such models for dry joint behaviour can be advantageous 
as these models can be adopted for the framework of numerical 
simulation. 

This study aims to investigate and compare the available analytical 
models of normal compressive behaviour of dry joints for refractory 
masonry at various elevated operating temperatures, therefore, 
contributing to much-needed research in this field. For this purpose, 
refractory specimens of alumina spinel material with dry joints are 
tested at ambient and various elevated temperatures, for which no 
research can be found. The experimental results are then evaluated with 
different models and efficacy of the models is addressed. Furthermore, 
one such model is used to validate the finite element models with ex-
periments on mortarless masonry under normal compression at ambient 
and elevated temperature. 

Fig. 1. Mortarless masonry structure: a) refractory brick in trapezoidal shape; b) arrangement of trapezoidal bricks to form a wall; c) application of mortarless 
masonry in industrial steel ladle during service. 

Fig. 2. Graphical representation of dry-joint presenting non-parallelity and 
surface roughness (not to scale). 

P.N. Gajjar et al.                                                                                                                                                                                                                                



Engineering Structures 275 (2023) 115234

3

2. Review of models for joint closure 

Joint closure behaviour under normal compressive loading is 
described by stress-deformation relations in which the normal stiffness, 
Ki, and the maximum normal joint closure, dm, are used as the charac-
teristic parameters (as shown in Fig. 3). For intact brick specimen (i.e., a 
single brick unit), linear elasticity is assumed, and therefore, the stress, 
σn, as a function of the displacement, di, is given in Eq. (1) 

σn = Kidi (1) 

where, Ki is the stiffness of the intact brick specimen, assumed to be a 
constant. As stated earlier, for a brick with dry joint, the relation be-
tween the total displacement, d, and the compressive stress σ, normal to 
the joint, is nonlinear. The stiffness of jointed bricks, Kj, is therefore not 
a constant but a function of the joint displacement. Experimental and 
numerical simulation results obtained by several studies observe that the 
jointed bricks stiffness increases with increasing normal compressive 
stress, from some lower initial value to that of the intact brick, Kj. That 
is, the gradient of the σ − d curve, Kj, increases, monotonically 
approaching Ki. Therefore, the jointed bricks experiences two phases: 
the nonlinear displacement at low pressures and linear elastic behaviour 
at stresses higher than some stress value related to the mechanical and 
displacement properties of the joint. The total displacement of jointed 
bricks, d, is defined in Eq. (2), where di is linear elastic displacement of 
an intact brick and dn is the joint displacement. 

d = di + dn (2) 

The mathematical model proposed by Thanoon et al. [25] that has 
been used in previous studies for mortarless refractory masonry [6] is 
shown in Eq. (3). Here, σn and d are the normal compressive stress and 
displacement, respectively. Constants a, b, c are to be determined from 
data analysis of test results. 

σn = adb + cd (3) 

However, for the fracture deformation in rock mechanics (a crack 
can be assumed as a dry joint in the mortarless masonry), it has been 
suggested that given the manner in which the normal joint closure tests 
are conducted, the displacement instead of the stress should be taken to 
be the dependent variable [12]. In those circumstances, the measured 
joint properties are best expressed in terms of the normal joint compli-
ance, Cj, rather than the corresponding stiffness. In the simple one- 
dimensional problem, Cj = 1/Kj. However, in the general case, matrix 

inversion is required, given the tensorial nature of these parameters. 
Therefore, several mathematical models can be found considering 
displacement as a dependent variable. 

Goodman [26] suggested a hyperbolic relation to describe joint 
closure under normal compressive stress. Bandis et al. [27] and Barton 
et al. [29] presented a modification that provided a better fit to exper-
imental data across the whole range of stress and closure values. Malama 
and Kulatilake [12] further modified the model (Eq. (4)) to express it in 
terms of final joint displacement, dm, and stress at the half-joint closure, 
σ1/2 (as shown in Fig. 4). 

dn =
dmσn

σn + σ1/2
(4) 

Malama and Kulatikale [12] proposed a generalised exponential 
model which shows a better fit with a wide range of experimental data. 
This model (Eq. (5)) is expressed in terms of final joint displacement, dm, 
stress at the half-joint closure, σ1/2, and n is a constant, determined 
empirically, with 0 < n < 1.0. This parameter shows variability from 
one specimen to another. 

dn = dm
[
1 − e− (σn/σ1/2)

nln2] (5) 

These models are expressed considering displacement as a variable 
providing a more straightforward definition of joint given the relative 
ease with which the σ1/2 and dm could be estimated from laboratory 
results, when compared to the identification of constants and stiffness 
values. 

Based on Hertzian contact theory, alternative models have also been 
used to describe the nonlinear joint closure behaviour. These models 
suggest that the observed nonlinear behaviour could be attributed to the 
increasing contact areas and the increasing number of contacts as the 
compressive stress increases. The asperities are assumed to undergo 
linear elastic displacement [28]. This observation is contrary to the 
suggestions made by other studies where crushing of the joint surface 
particles was suggested [6,13,16]. However, this behaviour is not 
experimentally observed in the literature. Cyclic joint closure experi-
ments are needed to identify the cause behind the observed nonlinear 
behaviour. This aspect is further discussed in the present paper at the 
analysis of the experimental data. Applying Hertzian contact theory, 
Swan [28] proposed a power-law model for crack closure and can be 
seen in Eq. (6). Here, α and β are constants determined empirically, with 
β < 1. However, the observation made by Swan [28] shows that the 
power-law model provides an excellent fit to experimental data only at 
low stress levels. 

Fig. 3. A schematic of the observed stress-displacement behaviour of intact and 
jointed bricks specimen under normal compression. 

Fig. 4. Normal joint closure behaviour obtained by subtracting behaviour of 
intact brick specimen from a jointed bricks specimen (adapted from [12]). 
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dn = ασβ
n (6) 

The following sections present a description of the joint closure tests 
performed at various temperatures for the alumina-spinel refractory 
material. A comparison of how well the (i) generalised exponential, (ii) 
hyperbolic, (iii) the power-law, and (iv) polynomial models fit of the 
joint closure data is shown. 

3. Joint closure experiments 

In this experimental work, alumina-spinel refractory material was 
used to validate models discussed in previous section. This material is 
characterised by good chemical and mechanical properties. Scrupu-
lously, it has high refractoriness (the melting temperature of spinel is 
around 2135 ◦C) and high resistance to chemical attacks [30,31]. 
Therefore, this material is frequently used in working linings of steel 
ladles composed of bricks with dry joints (Fig. 1b-c). The apparent 
porosity and density of the material are 19 % and 3.13 g/cm3, respec-
tively [32]. Commercially available bricks were used for this investi-
gation. The chemical composition of this material is presented in 
Table 1. The composition is found to be similar to the recommended 
values for this material [6,31]. The geometry of the brick is a trapezoidal 
prism with 140–160 × 140 × 100 mm3, as shown in Fig. 1a. These bricks 

are produced from natural raw materials. The bricks are moulded at a 
hydraulic press and fired at high temperatures. 

These bricks are subjected to transient thermal loading and have a 
thermal gradient while in operation. To create a similar condition in 
laboratory is complex and often requires large scale experiments. 
Therefore, tests are performed at specific temperature levels to evaluate 
mechanical properties of the materials, such as compressive strength, 
tensile strength, creep, etc [5,32] and use it in numerical simulation to 
evaluate the global response. Similarly, the joint closing behaviour in 
this work is observed by applying a normal compressive force to the 
specimen with joints at different temperatures. In this method, the 
compressibility of the joint is determined by the force–displacement 
behaviour of the specimens. Cylindrical samples are tested for this 
purpose. The specimens with the joint consist of two stacked pieces with 
a diameter of 50 mm. The height of each piece is 25 mm. The samples 
were carefully drilled from the bricks using a diamond core driller. 
Cylindrical specimens of this size are used due to the size limitations of 
the furnace used to perform joint closure experiments at high temper-
atures. This approach was also adopted by Andreev et al. [13] to perform 
joint closure experiments of magnesia carbon and magnesia chromite 
brick specimen. The prepared specimens were carefully dried by placing 
them in a drying oven operating at 110 ◦C for 24 h and then cooled to 
room temperature and stored in a dry place till the test. 

As already described, the nonlinear behaviour of the dry joint is 
primarily dependent on the composition of the joint surfaces (i.e., sur-
face roughness, contact area distribution and parallelity of the bonding 
surfaces) and material type. Therefore, the definition of the bounding 
surfaces is a variable. To obtain the joint closure behaviour of the 
alumina-spinel brick at various temperature ranges and to compare its 
mechanical performance, the definition of the bounding surfaces should 
be similar for all the specimens. However, the roughness and parallelity 
present in a surface with the original face of the brick (i.e., the exterior 
surfaces) varies among the specimens. Therefore, the bounding surfaces 
of the joint were carefully cut and plan-paralleled to achieve a similar 
range of surface roughness and parallelity between various specimens. 
The surface roughness achieved with this process provided a similar 

Table 1 
Results of the chemical analysis performed on the commer-
cially available alumina-spinel brick used in this experi-
mental campaign.  

Chemical Composition (wt%) 

Al2O3 94.0 
MgO 5.07 
Na2O 0.17 
SiO2 0.16 
ZrO2 0.08 
CaO 0.058 
Fe2O3 0.038 
Other oxides <0.45  

Fig. 5. Definition of the surfaces for the joint closure experiments: a) example of 3D map on surface 1; b) 3D map on surface 2; c) plot of the vertical surface profile 
(black dashed line from 3D surface maps). 
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definition of the surfaces across all the samples. Configuration of the 
prepared surfaces was evaluated by performing a 3D measurement 
macroscope using the Keyence VR-3100 device. Such scans provided 
confirmation of the prepared surfaces (Fig. 5). Examples of 3D mea-
surement scans taken from the central part of the specimen are shown in 
Fig. 5a-b for two prepared surfaces. From the plot of vertical surface 
profile plot from the centre of the measured area (Fig. 5c), it can be 
observed that for both the surfaces, the range of variation is similar, with 
an average of 0.91 mm and 0.80 mm for specimen 1 and 2 respectively. 
At some locations in the specimens, a more prominent difference could 
be observed due to the cutting process. However, considering the pro-
files it was assumed a similar range of joint thickness for all the speci-
mens, so that the relation between joint closure behaviour at various 
temperatures can be established. 

A normal compressive force is applied on the prepared cylindrical 
specimens by using a universal mechanical test frame Zwick/ Roell Z250 
with a maximum capacity of 250 kN (Fig. 6a). The compressive force is 
applied with a constant displacement rate of 0.005 mm/s for all tests. 
This displacement rate was selected within the range observed in the 
literature for compressive tests on refractory materials [6,13]. The 
prescribed stress levels were observed through the load cells in the 
testing machine. Through the testing software, once the desired load is 
achieved the displacement increment is stopped and the unloading starts 
at the same displacement rate. Once the specified minimum load level is 

achieved (0.15 MPa) the unloading stage is over. For the experiments at 
high temperatures, the specimens are heated up at a rate of 5 ◦C/min. 
Samples are conditioned at the desired test temperatures for 90 min to 
ensure uniform distribution of temperature within the specimen (dwell 
time). During the test, the temperature was only monitored in the 
furnace, however, previous tests on the same material showed homo-
genised temperature throughout the specimen, even for dwell times of 
60 min and specimens of larger dimensions [6]. The furnace accuracy is 
± 0.5 % of the desired test temperature. A 0.3 kN (≈ 0.15 MPa) 
compressive force was applied for the heat up and conditioning duration 
to keep the specimen aligned during the thermal expansion. The used 
rates of heat-up and displacement represent average service conditions 
and are standard for high temperature tests of refractories. Sample 
displacement during the test is measured by the machine cross head 
travel, corrected for the machine’s internal displacements. The 
displacement results are validated by a finger extensometer. The reso-
lution of the former and latter systems are ± 0.5 % of the displacement 
and ± 0.1 μm, respectively. The tests were performed at ambient tem-
perature, 600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C. The applied maximum 
compressive stress is 18 MPa for all the performed tests. It should be 
noted that only one specimen per each temperature range was tested, as 
the primary objective is to evaluate the performance of the analytical 
models described in section 2. 

4. Analysis of normal joint closure data 

Alumina-spinel bricks belong to the disordered heterogeneous ma-
terial class. Their microstructure and mechanical behaviour resemble to 
those of concrete and stones. Under compression, the bricks show an 
initial linear-elastic response followed by micro-crack formation. At 
lower temperatures, their behaviour is brittle, while at high tempera-
tures, it becomes ductile. The material stiffness and strength are strongly 
temperature dependant. At higher temperatures, visco-plasticity domi-
nates the material response to the compressive loads [33]. 

Normal compressive tests were carried out first on single brick 
specimens to evaluate the linear elastic behaviour. For this purpose, 
three samples were tested till 18 MPa by applying loading cycles at 3, 6, 
9, 12, 15, and 18 MPa. The test was stopped at 18 MPa as it corresponds 
to 50 % of the compressive strength of the material [5] to avoid inelastic 
deformation. These tests were performed according to the guidelines 
from EN 993–5:2000 “Methods of test for dense shaped refractory 
products, Part 5: Determination of cold crushing strength” [34]. Fig. 7a 
shows the stress–strain behaviour of the alumina-spinel specimens at 
ambient temperature. The figure indicates a linear-elastic response. 

Fig. 6. Joint closure test at high temperature - Experimental setup: a) overview 
and b) detail of specimen. 

Fig. 7. Normal compressive behaviour of alumina-spinel material at ambient temperature: a) stress–strain diagram presenting experimental results of normal 
compressive tests performed on single brick specimens; b) example of the microstructure of the material showing grains (corundum), matrix (spinel) and pores [32]. 
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During initial loading, the calculated Young’s modulus ranges from 19 
to 21 GPa. However, strain hardening can be observed in the applied 
pre-peak cycles. This behaviour is due to the microstructure of the ma-
terial (Fig. 7b), which is composed of alumina grains (corundum), ma-
trix (spinel) and pores [32]. As the applied compressive stress increases, 

the pores present in the microstructure are closed. Therefore, such ma-
terial behaviour should be considered while evaluating the joint closing 
and opening behaviour. 

4.1. Joint closure tests at ambient temperature 

Fig. 8 presents the stress-displacement result obtained from the joint 
closure test performed on a specimen at ambient temperature. The 
figure shows that a nonlinear behaviour dominates the behaviour at 
lower stress levels (up to 5 MPa) due to increasing surface contact as the 
smaller surface asperities crushes. At higher stress levels, the joint 
specimens were observed to be following the linear-elastic response of a 
single brick. This outcome confirms the typical joint closing behaviour 
described in the literature [6,13,16]. It can also be observed that for the 
loading cycles performed at various stress levels, the observed linear- 
elastic behaviour of specimens increases, primarily due to strain hard-
ening. However, nonlinear behaviour induced by the joint is similar for 
all the loading cycles. A plastic deformation of 0.03 mm can be observed 
after the first loading cycle. For the successive loading cycles, an average 
deformation of 0.004 mm was obtained. These values are calculated by 
subtracting the displacement obtained at the end of each loading cycle 
with the value observed during previous loading cycle. 

To evaluate the joint closing behaviour with mathematical models 
presented in section 2, inverse identification of the joint parameters was 
performed to achieve the best possible fit. For this purpose, the loading 
and unloading behaviour up to 18 MPa is considered for better visual-
isation. This characterisation is sufficient as the observed behaviour is 
linear from 10 MPa. The values used for different models are shown in 
Table 2. The joint displacement behaviour obtained by these models are 
shown in Fig. 9a, and the joint closure behaviour is shown in Fig. 9b. The 
joint displacement is evaluated by calculating the joint closure profile 
from the different models and adding the linear-elastic behaviour 
observed in the specimen at high stress levels. For the specimen tested at 
the ambient temperature, the observed Young’s modulus is 21 GPa, 
which is similar to the average value from the intact reference specimen 
(Fig. 7a). From Fig. 9a, it can be observed that all the models can 
represent the nonlinear behaviour at the lower level of stresses, being in 
good agreement with the experimental observation. 

However, for the global behaviour, only the Exponential and Hy-
perbolic models are observed to be in good agreement. The evaluated 
value of joint closure is 0.12 mm and 0.13 mm for the exponential and 
hyperbolic models, respectively. The difference between these values is 
about 8 %. The stress value at half joint-closure (σ1/2) is 1.2 MPa for both 
models. As stated earlier, the exponential and hyperbolic models are 

Fig. 8. Experimental stress-displacement result of joint closure test at ambient 
temperature. 

Table 2 
Parameter values used in different models for alumina-spinel specimens tested at 
ambient temperature.  

Model Parameters Values 

Exponential model dm(mm) 
σ1/2(MPa) 

n(-) 

0.119 
1.20 
0.80 

Hyperbolic model dm(mm) 
σ1/2(MPa) 

0.130 
1.20 

Power-law model α(-) 
β(-) 

0.068 
0.22 

Thanoon model a(-) 
b(-) 
c(-) 

4.45 × 108 

7.81 
15  

Fig. 9. Result of joint closure test performed at ambient temperature: a) experimental result and model fits using parameters values given in Table 2; b) joint closure 
behaviour obtained by various models. 
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advantageous in obtaining the joint closure behaviour. They rely on the 
physical parameters (joint thickness and stress at half joint-closure) that 
can be obtained from the experimental data through inverse analysis. In 
the case of the Power-law and Thanoon model, the parameters’ values 
need to be obtained empirically, without a physical significance. From 
Fig. 9b, it can be noticed that the joint stiffness given by the exponential 
and hyperbolic models are higher, which suggests the complete closure 
of the joint. In contrast, the other two models imply an open joint even at 
higher stress levels. 

4.2. Joint closure tests at elevated temperatures 

The joint closure test results obtained at elevated temperatures are 
presented in this section. A similar procedure is adopted as in the pre-
vious section to evaluate the joint closing behaviour. The derived values 
of the Young’s modulus from the observed linear response at high stress 
levels (between 10 and 15 MPa) are 13.5, 9.75, 7.5 and 4.35 GPa at 
600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C, respectively. Table 3 presents the 
values of the parameters calculated to obtain the best possible fit with 
the different models. The joint displacement behaviour is obtained by 
adding the linear elastic response of the material in the joint closure 
models at various temperatures. 

Fig. 10 presents the experimental results and response obtained with 
different models at different elevated temperatures. From the experi-
mental results, it is possible to observe the reduction in the material 
stiffness at high-stress levels with the increase in the temperature. This 
reduction is due to the gradual degradation of the material properties 
with increased applied temperatures. Fig. 11 shows the degradation 
indicated by the rise in the plastic displacement between different 
loading cycles with respect to the different temperatures. These values 
are calculated by subtracting the displacement obtained at the end of 
each loading cycle with the value observed during previous loading 
cycle (i.e., subtracting displacement obtained after load cycle 2 with 
load cycle 1). From Fig. 11, a significant plastic deformation can be 
observed after the 1st load cycle till 3 MPa for all temperatures. For 
subsequent load cycles at 600 ◦C, 800 ◦C and 1000 ◦C, an average plastic 
deformation of 0.005, 0.007 and 0.01 mm can be observed. However, for 

Table 3 
Parameter values used in different models for alumina-spinel specimens tested at 
various elevated temperatures.  

Model Parameters Values 

Temperature (◦C) 

600 800 1000 1200 

Exponential 
model 

dm(mm) 
σ1/2(MPa) 

n(-) 

0.065 
1.0 
0.80 

0.056 
0.9 
0.75 

0.048 
0.8 
0.80 

0.041 
0.6 
0.80 

Hyperbolic 
model 

dm(mm) 
σ1/2(MPa) 

0.080 
1.0 

0.058 
0.9 

0.053 
0.8 

0.045 
0.6 

Power-law 
model 

α(-) 
β(-) 

0.040 
0.250 

0.024 
0.260 

0.025 
0.300 

0.080 
0.112 

Thanoon model a(-) 
b(-) 
c(-) 

1.89 ×
106 

4.55 
25 

7.23 ×
106 

4.28 
25 

2.99 ×
106 

4.20 
35 

4.25 ×
105 

2.90 
50  

Fig. 10. Experimental results and model fits using parameters values given in Table 3 for joint closure tests performed at elevated temperatures: a) 600 ◦C; b) 800 ◦C; 
c) 1000 ◦C; d) 1200 ◦C. 
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the 1200 ◦C, the deformation increases from 0.015 to 0.032 mm from 
load cycle 2 to 6. This increase can be caused by the strain hardening. 
However, it can be observed that for all temperatures, the joint closing 
behaviour stays similar after the first load cycle at 3 MPa (Fig. 10). This 
behaviour is identical to the observed behaviour at ambient tempera-
ture. This suggests that at 3 MPa, the smaller asperities (i.e. the surface 
roughness) are crushed. Only the larger asperities remain in the joint 
surface, which seems to follow the linear elastic deformation. This 
observation is similar to the prediction made by Malama and Kulatilake 
[12]. They suggest a mixed response arising from the crushing of the 
smaller asperities and the elastic behaviour of larger asperities in the 
joint surfaces. 

The model fits achieved with the inverse identification of the pa-
rameters (Table 3), provide a good agreement with the initial nonlinear 
response of the joint closure (Fig. 10). However, the linear elastic 
response obtained by the power-law model and model proposed by 
Thanoon at the high stress level does not show a good agreement with 
experimental results at 600 ◦C (Fig. 10a). This observation is similar to 
the behaviour obtained with this model at ambient temperature. It is 
interesting to observe that all models present a good fit with the 
experimental data at 800 ◦C, 1000 ◦C, and 1200 ◦C (Fig. 10b-d). These 
figures show that the power-law and Thanoon models better represent 
the joint behaviour for materials with lower stiffness at higher temper-
atures. Although these models offer a relatively better fit at these tem-
peratures, the parameters’ values need to be identified empirically, 
which is harder to evaluate from the experimental data. These param-
eters are not related to the properties of the joint and thus cannot be 
quantified with it. 

The exponential and hyperbolic models seem to better describe the 
joint closure behaviour across all the range of tested temperatures. 
Moreover, these models use parameters related to the joints’ properties 
(i.e., joint thickness and stress at half-joint closure). This relation pro-
vides an advantage over other models as the parameters for these models 
can be easily identified and quantified from the experimental data, with 
the inverse identification. However, one additional parameter (n) must 
be determined for the exponential model, which seems more compli-
cated to quantify with the joints’ properties. This parameter may be a 
function of material type, roughness and loading history, as suggested in 
[12]. Therefore, the hyperbolic model, first proposed by Goodman [26], 
seems to offer an advantage over other models discussed in this work. 
The parameters required for this model can be easily obtained from the 
experimental results. The model seems to better fit the joint closure 
behaviour at all the different tested temperatures for the alumina-spinel 
specimens. However, the values for the joint closure identified by this 

model are higher than those determined experimentally (by extending 
the linear elastic part observed at higher compressive force to zero, as 
presented in Fig. 3). The joint thickness values obtained by the expo-
nential model seem to offer a good agreement with the values observed 
experimentally. This difference is due to the formulation of the models. 
The hyperbolic model assumes a very high normal stress requirement for 
the joint closure, which is contrary to the results obtained in this series of 
experiments. 

To evaluate the response of these models for full size bricks with the 
same material (larger contact surface), the experimental result obtained 
by Oliveira et al. [6] is used. In the dry joint of bricks, apart from surface 
roughness, gaps are also present due to the unevenness of the bounding 
surfaces. The obtained response of these models and the experimental 
result is shown in Fig. 12. The observed value of the joint thickness is 
0.022 mm, and the stress at half joint closure is 0.5 MPa. From the figure, 
it can be observed that the exponential model represents identical 
experimental behaviour for a larger surface. In contrast, the hyperbolic 
model has difficulties in reproducing the transition from the nonlinear 
closing to linear elastic regimes. The ability of exponential model to 
represent the transition is due to parameter n, which grants an addi-
tional degree of freedom. 

Therefore, considering all aspects of different models, the exponen-
tial model seems to represent the joint closure behaviour better across 
all ranges of tested temperatures and different sizes of specimens. This 
model can also represent the joint closing behaviour of bricks. The 
ability of this model to adapt to larger scales (i.e., mortarless masonry) is 
described and validated with a finite element analysis in the numerical 
modelling section. Fig. 13a shows the joint closure behaviour obtained 
by the exponential model for all the test series discussed earlier. It is 
clear from the figure that the joint thickness reduces with an increase in 
the applied temperature. This behaviour was expected due to the ma-
terial’s thermal expansion and reduced stiffness, which decrease the gap 
in the joint. As the applied temperature increases, the material stiffness 
will decrease, and material will expand. Due to this action, the surface 
roughness will decrease, resulting in smoother joint. Strong influence of 
the temperature on joint closure was also documented by Andreev et al 
[13]. They attributed thermal expansion of the material as the most 
probable cause of the joint thickness reduction. Fig. 13b shows the 
reduction in the observed joint thickness and dilation of the alumina- 
spinel material (dilation measurements taken from Kaczmarek [35]). 
This data indicates that there might be a linear relationship between the 
reduction in the joint thickness and the dilation of the material. 

Fig. 11. Plastic deformation at different temperature, at the end of each 
loading cycle. 

Fig. 12. Experimental result obtained by Oliveira et al. [6] and model fits.  
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Fig. 14 presents the evolution of the stress at half joint closure (σ1/2) 
and material stiffness with an increase in applied temperature. It is 
evident from the figure that the initial stiffness of the joint decreases as 
the temperature increases. This reduction is due to the degradation of 
the material properties at higher temperatures as it allows surface as-
perities to undergo large displacement under relatively minor 
compressive stress. It can be observed that the relation of these pa-
rameters is approximately linear with respect to the temperature. 
Moreover, it can be noticed that there may be a linear relationship be-
tween the reduction in σ1/2 and material stiffness. Moreover, behaviour 
of such refractory material under compression is scattered at ambient 
temperature (as shown in Fig. 7a) and possibly even more at elevated 
temperatures. Therefore, the experimental results presented should be 
used as a trend, where the expected change in joint closing behaviour 
can be understood. To establish a more comprehensive relation with 
material properties and geometric parameters, additional experiments 
are required at each temperature level. 

The unloading and reloading behaviour of a dry joint is complex to 
analyse. During the unloading step, the material itself exhibits a 
nonlinear behaviour due to strain hardening. Therefore, to evaluate only 
the dry joint behaviour for the unloading and reloading, the joint closure 

is assessed for the last loading cycle in all the specimens (i.e., from 0.15 
MPa to directly up to 18 MPa). Although not wholly evaluating the 
actual unloading behaviour of the joint, this approach was deemed 
satisfactory. Table 4 shows the values of the parameters identified for 
the reloading behaviour through the exponential model for all the 
samples presented previously. Fig. 15 shows the model fits along with 
the experimental results for the last loading cycle. From the figure, it can 
be observed that the exponential model fits well with the reloading of 

Fig. 13. Joint closure behaviour: a) model fits obtained by the exponential model at various tested temperatures for alumina-spinel specimen; b) chart showing a 
reduction in joint thickness of the tested specimen with an increase in temperature along with dilation of material [35]. 

Fig. 14. Stress at half joint closure (σ1/2) and material stiffness of the tested 
specimen at different temperatures. 

Table 4 
Parameter values used in the exponential model for specimens subjected to 
reloading from 0.15 MPa to 18 MPa at various temperatures.  

Temperature (◦C) dm(mm) σ1/2(MPa) n(-) 

20  0.071  1.5  0.8 
600  0.036  1.2  0.8 
800  0.040  1.2  0.9 
1000  0.032  1.1  0.8 
1200  0.026  0.9  0.8  

Fig. 15. Experimental results and model fits using parameters values given in 
Table 4 for joint reloading at various temperatures. 
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the samples at various temperatures. It can be noticed that, at a higher 
temperature, after the joint is assumed closed, the linear-elastic behav-
iour does not fit well with the experimental data. This difference is due 
to the nonlinear reloading behaviour of the material, as stated earlier. 

Nevertheless, the identification of the dry joint properties, shown in 
Table 4, suggests a decrease in the joint thickness from the initial value 
due to the crushing of the surface roughness. Interestingly, the differ-
ence in thickness is 0.048 mm (40 %) at the ambient temperature, and it 
reduces to 0.015 mm (36 %) at 1200 ◦C. This reduction in joint reclosing 
with increased temperature is due to reduced material stiffness and 
plasticity at a higher temperature. Moreover, it can be observed that the 
stress required for the half-joint closing increases at higher tempera-
tures. This increase can be attributed to the reduced joint thickness, 
which reduces the surface asperities and increases the contact area be-
tween the surfaces. 

4.3. Cyclic joint behaviour 

Cyclic joint closing tests were carried out on two cylindrical speci-
mens to evaluate the effect of cyclic loading application. These tests 
were performed only at ambient temperatures. As discussed in previous 
sections, a similar experimental procedure is followed for these tests. 
The specimens were subjected to 10 cycles of loading up to 24 MPa. 
Experimental results obtained from these tests are presented in Fig. 16a. 
It can be observed that the behaviour is similar to the other specimens 
tested at ambient temperature, in which a significant change in stiffness 
can be observed due to strain hardening from the initial load cycle to the 
second loading cycle. However, it can be noticed that the stiffness does 

not change substantially for the subsequent load cycles. Moreover, after 
ten cycles of loading, the effect of a dry joint can be observed, which 
suggests that the surface asperities are still present. 

Inverse identification of the parameters is similarly made for each 
loading cycle as in the previous section to quantify these observations. 
Table 5 presents the identified values of the parameters for the expo-
nential model. For better visualisation, experimental data and model fits 
for the loading at each cycle are shown in Fig. 16b for one specimen 
only. From Fig. 16b and Table 5, it can be observed that the value of joint 
thickness decreases from the initial cycle to the second load cycle due to 
the crushing of the surface asperities. However, it can be observed that 
the value of joint thickness does not change for the subsequent loadings. 
This suggests that the shift observed in the experiments is primarily due 
to material behaviour and not the dry joint. The stress at half-joint 
closing stays identical for the initial cycles for the loading but in-
creases after the 5th cycle of loading. This change can be caused by the 
degradation of the particles on the surface due to repetitive loadings. 
The values of parameters shown in Table 4 and Table 5 indicate that the 
value of n does not change in the evaluation of different loading cycles. 
This observation suggests that n can be related to the distribution of 
asperities in the bounding surfaces of a joint. 

Furthermore, no change in the joint thickness after the second 
loading cycle shows that only the smaller asperities are crushed, and 
larger particles on the surface undergo elastic deformation. Before and 
after the experiment, 3D measurements of the surfaces were obtained for 
the specimen to assess the surface profile. It should be noted that the 
specimen used for this test is with low surface roughness. Fig. 17a and b 
show the surface definition of the top and bottom surface of the joint. 
The figures show that the global distribution of the asperities does not 
change much even after the ten cycles of normal compressive loading. 
Only minor changes can be observed in terms of the removal of pro-
truding surface particles. The vertical surface profiles shown in Fig. 17c 
confirm the observation. These figures and the experimental results 
indicate that only minor, protruding surface particles get crushed during 
the initial load application. The global surface exhibits elastic behaviour 
for the subsequent loading. However, this is assumed true only for the 
material tested in this study and the stress level applied in experiments. 

5. Numerical modelling 

In the previous sections, the efficacy of the exponential model is 
shown for the dry joint with a small surface area. To evaluate its per-
formance at a larger scale (i.e., mortarless masonry), numerical 

Fig. 16. Stress-displacement diagram presenting experimental results of cyclic joint closure test performed on alumina-spinel specimens at ambient temperature: a) 
experimental result; b) exponential model fit at all loading cycles of specimen 1. 

Table 5 
Parameter values used in the exponential model for specimens subjected to 
cyclic loading at ambient temperature.  

Cycles dm(mm)  σ1/2(MPa) n(-) 

1  0.055  1.2  0.75 
2  0.037  1.5  0.75 
3  0.037  1.5  0.75 
4  0.037  1.5  0.75 
5  0.037  1.5  0.75 
6  0.037  1.8  0.75 
7  0.037  1.8  0.75 
8  0.037  1.8  0.75 
9  0.037  1.8  0.75 
10  0.037  2.0  0.75  
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simulation using finite element modelling (FEM) is discussed in this 
section. For this purpose, numerical simulations are validated with 
experimental results at ambient temperature and at 1200 ◦C in following 
sections. 

5.1. Numerical modelling at ambient temperature 

For numerical simulation at ambient temperature, an experiment 
previously performed by Oliveira et al. [5] on mortarless masonry with 

alumina-spinel bricks is considered. This test was performed up to the 
failure of the masonry wall. The geometry of this test is shown in 
Fig. 18a. The results obtained from these experiments (three equal 
specimens) are presented in Fig. 18b. It shows a nonlinear response 
during the initial loading due to the closing of the dry joints. Once the 
joints are closed, a linear response up to the failure of the wall is 
obtained. 

The meso-modelling approach is selected for numerical simulation, 
where the units and joints are modelled separately [18]. Finite element 

Fig. 17. Change in the surface definition before and after the cyclic load experiment at ambient temperature: a) top 3D surface map of the specimen 1; b) bottom 3D 
surface map of the specimen 1; c) vertical surface profile (black dashed line from 3D surface maps) taken before and after the experiment. 

Fig. 18. Uniaxial compression experiments on mortarless masonry: a) graphical representation of the experimental setup; b) stress-displacement results obtained 
from experiments (adapted from Oliveira et al. [5]). 
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analysis is carried out in Abaqus 2019 [36], using available constitutive 
models for the material and interfaces (i.e., dry joints). The Concrete 
Damage Plasticity (CDP) model was used for the brick units. This model 
allows failure under compressive crushing and tensile cracking. The CDP 
model is a modification of the Drucker-Prager model [37,38], where the 
shape of the failure surface in the deviatoric plane does not need to be a 

circle, and it is defined by the parameter Kc. This parameter can be 
defined as a ratio of the distances between the hydrostatic axis and the 
compression meridian, and the tension meridian in the deviatoric plane. 
This parameter was taken as 0.667, as recommended in [36]. 

Similarly, the dilation angle (ψ) was taken as 20◦, the eccentricity (ε) 
defines the rate at which the flow potential approaches the asymptote 
(tends to a straight line as the eccentricity tends to zero) and was taken 
as 0.10, the ratio of the initial equibiaxial compressive yield stress (fb0) 
to initial uniaxial compressive stress (fc0) as 1.16 and the viscosity 
parameter as 0.02, used to improve the convergence rate in the softening 
regime. Table 6 presents the complete mechanical properties adopted in 
the numerical model. The Young’s modulus (E) and compressive 
strength (fc) of the material are taken from the tests performed by Oli-
veira et al. [6]. The tensile strength (ft) and fracture energy (Gf) were 
obtained by wedge split test performed by Kaczmarek et al. [39] for 
alumina-spinel material. 

In mortarless masonry, the joint thickness is not uniform for all the 
joints present, due to surface unevenness and tolerances in dimensions 

Table 6 
Parameters of the alumina-spinel brick for the CDP model.  

Younǵs modulus (E) 21000 MPa 
Density 3130 kg/m3 

Dilatation angle (ψ) 20 ◦C 
Eccentricity (ε) 0.10 
fb0/fc0 1.16 
Kc 0.667 
Viscosity parameter 0.02 
fc [MPa] 27.4 
ft [MPa] 4.3 
Gf [J/m2] 111.7  

Fig. 19. Distribution of joint thickness for bed joints: a) graphical representation of distribution at bed joints; b) joint closure relation for different thicknesses.  

Fig. 20. Numerical analysis: a) meso-model for the uniaxial compressive test simulation presenting individual brick units; b) stress-displacement profile from ex-
periments and numerical simulations. Num - Varying indicates a model with random varying joint thicknesses. Num - Uniform shows the model with uniform average 
joint thickness. 
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arising from the manufacturing process [40–42]. Due to these differ-
ences, results obtained from the joint closure experiments cannot be 
applied to the large-scale masonry. Therefore, identifying the joint pa-
rameters becomes a complex task. Two approaches can be used to 
represent dry joints to numerically simulate such experiments on the 
mortarless masonry at the meso-level. The dry joints can be modelled 
randomly with varying joint thickness, or joints can be modelled with a 
uniform average thickness. For this numerical simulation, both ap-
proaches are compared. Fig. 19a shows the random selection of joint 
thicknesses at the bed joints ranging from 0.119 mm (value acquired 
from the dry joint experiment in the previous section) to 0.419 mm 
(maximum joint thickness acquired by Oliveira et al. [6]). The stress at 
the half-joint closure, σ1/2 and parameter n are kept the same for all the 
joint thicknesses, 1.2 MPa and 0.8, respectively. For the head joints, a 
constant value of 0.119 mm was adopted. For the numerical model with 
uniform joint thickness, an average value of 0.27 mm was selected, as 
shown in Fig. 19b. When dealing with mortarless masonry, only the 
friction coefficient (or friction angle) needs to be identified for the shear 
behaviour. For this purpose, a friction coefficient value of 0.598 was 
chosen based on the experiments performed by Oliveira et al. [6] on 
alumina-spinel bricks. For the normal behaviour, joint closure relations 
are provided in a tabular form as a surface-to-surface contact for inter-
face in Abaqus due to the lack of commercially available constitutive 
models for such applications. This interface model allows to input stress- 
overclosure relationships (for the normal behaviour) that can be 
computed by the exponential model at regular intervals and it also al-
lows to define friction behaviour with a value for friction coefficient (for 
the shear behaviour). 

The numerical model was constructed by modelling full bricks of size 
150 × 140 × 100 mm3 (length × width × height) and half bricks of size 
75 × 140 × 100 mm3. The brick units were discretized with 8-node solid 
elements (C3D8R elements) with a size of 10 × 10 × 10 mm3. The dry 
joints were modelled as the surface-to-surface contact interfaces. The 
final mesh is composed of 69,100 elements for bricks and 43,568 
interface elements. The numerical model is shown in Fig. 20a. Regarding 
boundary conditions, the model is considered fixed at the base, and the 
load is applied as increasing displacement in the vertical direction from 
the top face of the wall as shown in the Fig. 20a. To represent the effect 
of the loading beam, the loading was applied using a rigid plate with its 
all three rotational degrees of freedom restrained. For the top face of the 
wall no restraints were applied. 

The results obtained from this numerical analysis are presented in 
Fig. 20b in terms of stress displacement profile. The vertical 

displacement profiles are derived from the relative displacement be-
tween the top and bottom brick layers. From the figure, it can be 
observed that the numerical results are in good agreement with the 
experimental results. The numerical results show a similar joint closing 
behaviour at the lower stress level as the experimental results. Once the 
joints are closed, the model with uniform joint thickness shows a linear 
stiffness of the masonry wall that is similar to the material stiffness. In 
comparison, the model with varying joint thicknesses shows linear 
behaviour with reduced stiffness. This reduction is primarily due to 
material damage due to uneven local boundary conditions presented by 
the varying joint thicknesses. Consequently, the model with varying 
joint thickness fails with peak stress of 16.4 MPa, which is closer to the 
values observed experimentally. In the case of the model with uniform 
average joint thickness, the model fails at a much higher value of 27.34 
MPa, due to uniform joints that do not allow stress concentration in the 
bricks. 

Fig. 21, shows the distribution of displacement in the vertical di-
rection for the numerical models considering varying joint thicknesses 
and uniform joint thickness at the peak applied compressive force. From 
the figure, it can be observed that for the model with varying joint 
thicknesses (Fig. 21a), the displacements observed are primarily caused 
by the joint closure and brick units undergo only minor deformations. 
However, the vertical displacement is not uniform for all the brick 
layers. In contrast, in the model with the uniform joint thickness 
(Fig. 21b), the vertical displacement is uniform for all the brick layers. 
This difference between both approaches is expected due to the differ-
ence in the distribution of the joint thicknesses. 

Fig. 22, shows the distribution of minimum principal stress 
(compressive stress) in the masonry wall for both modelling approaches 
at the peak applied compressive force. For the model with varying joint 
thicknesses (Fig. 22a), a non-uniform distribution of stresses can be 
observed. Such distribution is due to uneven joint thickness, which re-
stricts the direct load transfer from one layer of brick to other. Therefore, 
the bricks undergoing significant stresses will yield first, which ulti-
mately reduces the observed global stiffness of the masonry. However, in 
the case of the model with the uniform joint thickness (Fig. 22b), an 
essentially uniform distribution of the stresses can be observed. Such 
behaviour is expected due to uniform joint thickness, allowing the 
uniform transfer of forces from one layer of brick to another. Never-
theless, a high concentration of stresses can be observed at the top and 
bottom faces of the masonry due to global boundary conditions. 

Fig. 21. Vertical displacement (in mm) due to applied peak compressive force: 
a) model with varying joint thicknesses; b) model with uniform joint thickness. 

Fig. 22. Minimum principal stress (in MPa) distribution in the masonry due to 
applied peak compressive force: a) model with varying joint thicknesses; b) 
model with uniform joint thickness. 
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5.2. Numerical modelling at high temperature 

To validate the proposed model at high temperatures, a new model 
was developed using a similar meso-modelling approach. This model 
intends to replicate an experimental test performed within the scope of 
the ATHOR project. This experiment was performed at 1200 ◦C by 
applying uniaxial compressive force perpendicular to the bed joint di-
rection (as shown in Fig. 23a). This test was performed as a preliminary 
test at the Technology Centre Leoben (TCL) of RHI-Magnesita, Austria, 
under the framework of the ATHOR project [11]. In this experiment, the 
brick units (150 × 100 × 140 mm3) of alumina-spinel material were laid 
on a layer of insulation bricks. Thermal load was applied with electrical 
heating elements arranged near the hot face (HF) of the masonry. For the 
duration of thermal loads, masonry unit was free to expand. Once the 
desirable temperature was achieved near the HF, the loading was 
applied. During the load application, three sides of the rigid blocks were 
fixed, as shown in Fig. 23a. Relative displacement between two points 
(red circles marked in Fig. 23a) were gathered during the experiments at 
three different locations. The average displacements obtained from this 
experiment are presented in Fig. 23b. 

The numerical model was constructed using the same approach as 
discussed in the previous section. However, in this simulation, only the 
elastic properties of the brick were considered due to low level of stress 
applied. Temperature dependent material properties of alumina-spinel 
is shown in Fig. 24. For Young’s modulus (Fig. 24a), material stiffness 
evaluated in section 4.1 and 4.2 were considered. Thermal conductivity 
and specific heat of the material are shown in Fig. 24b and c [31]. The 
coefficient of thermal expansion of the material is considered as 8.87 ×
10-6 K− 1 [35]. The friction coefficient between alumina-spinel bricks has 

been characterized by Oliveira et al. [6] at different temperatures and 
reported in Table 7. 

The meso model of the masonry is shown in Fig. 25. The X direction 
(1125 mm) is the direction normal to head joints, while the Y direction 
(1100 mm) is normal to bed joints. The four ceramic plates and the 
insulation layer (ground) of the test setup have been modelled as rigid 
plates. The masonry units were meshed with 3D hexahedron elements 
with 35 × 35 × 35 mm3 size elements. Frictional interactions between 
the contact surfaces of the wall and the fixed, moving rigid plates and 
the ground were considered with a friction coefficient of 0.5 [1]. At hot 
face of the wall, no restraints were applied as it was the case with the 
experimental test. 

For the simulation, coupled thermal–mechanical analysis was per-
formed. For the thermal loads, average values of the observed temper-
atures at hot face (HF) and cold face (CF) through thermocouples are 
used. Fig. 26a presents the temperature distribution in the masonry wall 
at the load application (i.e., 29.75 h). Time variations at the HF and CF 
of the masonry wall along with experimental observations is shown in 
Fig. 26b. During the thermal load application (i.e., till 29.75 h) the 
masonry wall was free to expand. During the mechanical load applica-
tion, relevant boundary conditions were applied, as presented in Fig. 25. 

For the normal dry joint behaviour, uniform joint thickness at the 

Fig. 23. Uniaxial compression experiment on mortarless masonry at high temperature: a) graphical representation of the experimental setup; b) stress-displacement 
results obtained from experiment (adapted from Oliveira [11]). 
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Fig. 24. Thermal and mechanical properties of alumina-spinel bricks: a) Young’s modulus; b) thermal conductivity [31]; c) specific heat [31].  

Table 7 
Friction coefficient values for dry joints at different temperatures [6].  

Temperature (◦C) 20 300 600 900 
Friction coefficient (-) 0.60 0.50 0.51 0.53  
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bed and head joints are assumed. This was assumed considering simi-
larity in the global behaviour during initial loading stage (i.e., till 6 MPa) 
between both approaches (considering uniform and non-uniform joint 
thicknesses) in section 5.1 (Fig. 20b). Furthermore, two cases are 
considered in this numerical simulation, joint closure relationship 
observed at the ambient temperature and at 1200 ◦C. As discussed in the 
previous section, the joint thickness varies in a large-scale masonry unit, 
therefore a uniform joint thickness of 0.22 mm was derived for this 
experiment by calibrating it with experimental results. The joint closure 
behaviour for both cases is shown in Fig. 27. The stress at the half-joint 
closure, σ1/2 is 1.3 MPa for ambient temperature and 0.6 MPa at 1200 ◦C 
(as derived from the joint closure experiments). The value of parameter 
n is 0.8 for both cases. 

Fig. 28 presents the results obtained from numerical simulations and 
experiments. The numerical results indicate that both cases are in good 
agreement with experimental results at low stress levels (up to 3 MPa). 
However, at 6 MPa, the difference between the numerical result, Num - 

AT and experiment is relatively large. The error obtained for displace-
ments between the numerical and experimental result is 1.60 % and 
7.67 % for the Num - HT and Num - AT, respectively. The difference 
observed for the global stiffness is 8.71 % and 13.26 % for the Num - HT 
and Num - AT, respectively. This difference is due to the joint closure 
behaviour. As observed in Fig. 27, for 6 MPa, the joints are open at 
ambient temperature, in contrast to 1200 ◦C, where the joints are fully 
closed. Considering the low level of force applied in this experiment, the 
difference between numerical results for both cases is not much. How-
ever, at high force levels, this difference would increase. 

The minimum principal stress distribution in the masonry wall at the 
end of the loading (i.e. 6 MPa of applied stress) is shown in Fig. 29a. The 
results are shown for the numerical simulation considering the joint 
behaviour of 1200 ◦C. From the figure, high concentration of stress can 
be observed near the hot face of the masonry (around 9 MPa) compared 
to cold face (around 2 MPa). This difference is due to thermal expansion 
of the brick units. The units will expand more under higher temperature, 
therefore, the thermal gradient within the bricks (Fig. 26a) causes hot 
face to expand more compared to the cold face. This ultimately results in 
reduced joint thickness at HF and relatively large joint thickness at the 
CF. Therefore, as the load is applied on the masonry, HF will experience 
higher loads until the joints near the CF comes into contact. 

Fig. 25. Meso-model for the high temperature uniaxial compressive test 
simulation presenting individual brick units and rigid plates. 

Fig. 26. Thermomechanical analysis: a) temperature distribution in the deformed masonry wall during load application (deformations magnified by 50 times); b) 
time variations of the cold and hot face temperatures during heating and mechanical testing, experimental and numerical results. 

Fig. 27. Joint closure behaviour adopted in the numerical simulation at high 
temperature. Joint - AT, represents behaviour at ambient temperature and Joint 
- HT, at 1200 ◦C. 
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Displacement distribution normal to the bed joints is shown in Fig. 29b. 
From the figure, it can be observed that at the applied thermal and 
mechanical loads, the brick units experience minor deformation 
compared to the joint as observed in previous section. Given the dif-
ference in material stiffness at HF and CF and thermal expansion of the 
material, displacement difference between HF and CF is expected, 
however, this difference is much lower compared to the global 
displacement of the wall and therefore it cannot be observed in the 
Figure. 

6. Conclusions 

Mortarless masonry poses a unique complexity in terms of dry joints. 
The behaviour of these joints depends on many factors, such as surface 
roughness, surface unevenness, manufacturing tolerances and uneven-
ness arising from the construction of such masonry. In modern practice, 
mortarless masonry is widely used in an industrial environment where it 
is subjected to high operating temperatures. Therefore, identifying the 
joint behaviour at high temperatures and a suitable mathematical model 
that represents the behaviour is crucial for numerical simulations. 

This paper reviews the available mathematical models for the dry 
joints and compares those models with the experimental results at a 

wide range of temperatures for the alumina-spinel material. For this 
purpose, the exponential model [12], hyperbolic model [26], power-law 
model [28] and model proposed by Thanoon et al. [25] are reviewed and 
compared with experimental results at ambient temperature, 600 ◦C, 
800 ◦C, 1000 ◦C and 1200 ◦C. A mathematical model should be such that 
it can best represent the joint behaviour at all temperature ranges and 
should require a parameter that is relatively easy to identify. From the 
analysis of the experimental results, the exponential model is selected 
for further consideration due to the better fit it provided for the exper-
imental results compared to hyperbolic model due to additional degree 
of freedom, and its ease in defining the material parameters. 

Joint thickness and stress values identified by the exponential model 
show that the overall joint thickness reduced with an increase in tem-
perature, from 0.119 mm at ambient temperature to 0.041 mm at 
1200 ◦C. This reduction is primarily due to the thermal expansion of the 
material (similar to the observation made by Andreev et al. [13]). 
Moreover, the stress required for half joint closure also reduces with an 
increase in temperature due to decreasing material stiffness as the 
temperature increases. Furthermore, the analysis of joint reloading 
shows a reduction of 40 % in the joint thickness due to surface damage, 
at various tested temperatures. 

Results obtained from the cyclic loading and subsequent inverse 
analysis via analytical model show that the joint thickness only reduces 
after the first loading cycle. For subsequent loading cycles, joint thick-
ness does not change. Additionally, an increase in the stress required for 
half joint closure is observed after the fifth loading cycle. The 3D mea-
surements of the joint surfaces before and after the loading shows that, 
for this material surface profile does not change much for the level of 
force applied. 

Furthermore, finite element analysis was carried out using a meso- 
modelling approach to check the exponential model’s efficacy at 
larger scales. The numerical investigation at ambient temperature is 
carried out considering two cases, random distribution of varying joint 
thicknesses and a uniform average joint thickness. Results obtained for 
both cases show a good agreement with the experimental results. These 
results further show that the exponential model is able to provide good 
results with relative ease as the parameters required can be easily 
identified from the experimental results. Moreover, numerical investi-
gation carried out for high temperature experiments shows the impor-
tance of the joint closure relationships at various temperatures. The joint 
closure behaviour obtained for the ambient temperature can provide 
better results at low stress levels but at higher stress levels, the numerical 
results diverge from the actual global behaviour of the masonry at 
higher temperature. Therefore, for numerical simulations at various 
temperature levels, the joint closure behaviour at those temperature 

Fig. 28. Stress-displacement profile from experiment and numerical simula-
tions. Experiment - HT shows experimental results obtained during uniaxial 
compressive test at high temperature. Num - HT indicates a model with joint 
thicknesses behaviour at 1200 ◦C. Num - AT shows the model with joint 
thickness behaviour at ambient temperature. 

Fig. 29. Thermomechanical analysis results: a) minimum principal stress distribution (MPa); b) in-plane displacement distribution along the Y direction (mm).  

P.N. Gajjar et al.                                                                                                                                                                                                                                



Engineering Structures 275 (2023) 115234

17

should be used. 
Currently, the FEA software does not have any commercially avail-

able constitutive models that can be used to represent all the aspects of 
the dry joint behaviour, such as cyclic joint closing and opening 
behaviour, the capability of providing different parameters at different 
temperatures. At present, most FEA software allows only to input a 
tabular form of stress/stiffness – overclosure relations. To better repre-
sent the dry joint behaviour for a mortarless masonry under the ther-
momechanical loading, a user-supplied subroutine is required for the 
interface, which can consider the different aspects of the joint behaviour 
mentioned in this work. The exponential model is one such model based 
on which a user-supplied subroutine can be made, as it is easier to use, 
and it requires parameters that can be identified from the experimental 
results. Such model will allow definition of joints with physical prop-
erties such as joint thickness and stress levels. Moreover, it will also 
allow to define these properties at various temperature levels so that the 
evolution of joint behaviour with temperature can be better represented. 
This is paramount for the appropriate representation of dry joint re-
fractory masonry at the meso-level but can be also relevant for the 
development of homogenised models, as the joint behaviour highlighted 
within this work should be considered when developing such models. 
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