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A B S T R A C T   

Despite continual development of the tree pulling test, there is no systematic study on the interaction of stem and 
root-plate stiffness in relation to tree assessment results. New methods involving numerical modelling and optical 
techniques provide tools for effective and deeper understanding of the interaction of stem and root-plate stiff
ness. Within this study, a finite element (FE) model of the tree response to static loading was developed, and the 
interaction between the stem and root-plate stiffness was analysed on three levels: longitudinal stem strains, root- 
plate inclinations and stem deflection curve. The model was validated at all three levels by comparison with 
experiment. Sensitivity analysis of the validated model showed a significant correlation of root-plate stiffness 
represented by the root volume and soil elastic modulus to the tree response. By analysing the defects in tree 
response, the importance of proper location for detection of strains and inclinations was demonstrated, especially 
regarding asymmetrical defects. A numerical estimate of the second derivative of displacement based on the 
Taylor approximation, was used to analyse the stem deflection curve.   

1. Introduction 

Trees are fundamental to health of urban environments. As the 
public starts to become aware that trees are an essential part of our well- 
being, tree owners and managers are facing liability for tree failures 
(Mortimer and Kane, 2004). In general, tree risk assessment is a com
bination of the probability of tree failure, impact potential and the target 
value (Ellison, 2005). A range of methods for assessment of tree failure 
probability have been developed (Wessolly and Erb, 2016; Dahle et al., 
2017) including pulling tests (Peltola, 2006; Detter and Rust, 2013). The 
pulling test, which is used to assess resistance to stem breakage or 
uprooting was developed in the form of the elasto-inclino method (Brudi 
and van Wassenaer, 2001). This method measures the longitudinal 
strains in stem and root-plate inclinations and is consequently used to 
evaluate stem breakage and uprooting resistance (Brudi and van Was
senaer, 2001; Detter et al., 2002; Wessolly and Erb, 2016). The data 
regarding strains and inclinations is processed separately, which raises 
the question of the relationship between the stiffness of the stem and 
root-plate. This relationship can affect the results of the elasto-inclino 

method and has not been investigated yet. Neild and Wood (1999) 
provided a study of the iterative procedure for calculating deflection 
curve, which helps determine stem and root-plate stiffness. Their study 
highlights the importance of both root anchorage and stem flexibility for 
a better prediction of stem deflection. The stem deflection curve was 
measured in an experimental study by Lundström et al. (2007). This 
study used stem displacement to calculate the predicted contribution of 
overhanging tree weight to its turning moment. Stem deflection was 
obtained by image analysis, which enabled tracking of the entire stem 
(Jonas and Lundström, 2005). Optical techniques based on digital image 
correlation (DIC) are potential tools, due to information from the vast 
amount of points (markers) is obtained both in 2D or 3D form (Sutton 
et al., 2009; Tippner et al., 2019). This allows for the possibility to 
observe larger tree parts by using marker tracking (Vojáčková et al., 
2019) and provides the opportunity to obtain full-field information 
(Sebera et al., 2014, 2016). 

The ability of full-field optical techniques to reveal the stem defect, 
root-plate damage and their combination has been studied by Tippner 
et al. (2019). This study proved that optical technique provides 
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comparable results to extensometers and suggest that there is an inter
action between defects (to each other) and to different position of 
measurement. The separate impact of stem defect and root-plate damage 
was studied by Smiley et al. (2014, 2012) and Smiley (2008) who found 
a nearly linear decrease in the stiffness with increasing damage size. In 
these studies similar to the research conducted by Ciftci et al. (2014), 
tree response was measured locally at the position of the defect or above. 

As a supplement to experimental techniques, the finite element 
method (FEM) is a promising tool for mechanical analysis of defects 
interaction and tree behaviour. The FEM has already been used to 
observe root breakage (Yang et al., 2014) and overturning processes 
(Rahardjo et al., 2014) with connection to soil conditions (Dupuy et al., 
2005; Jonsson et al., 2006). FE analysis varies from models with 
simplified geometry (Fourcaud et al., 2008; Khalilnejad et al., 2012) to 
complex models of accurate root geometry that aim to find the signifi
cant parameters of tree anchorage. Gaffrey and Kniemeyer (2002) 
developed the 3D FE model to estimate stress and strain distribution on 
the stem surface. Regardless of its simplification level, the FEM allows 
input parameters to be defined and provides data set information on a 
level similar to the one obtained by optical techniques. The combination 
of the FEM and DIC can help to understand the interrelation within the 
tree in a broader context because of the opportunity to observe the 
behaviour of a number of positions at one moment and compare the 
theoretical results with the experimental results. The main goal of this 
study is to analyse the influence of defects to the stem response while 
considering the interaction between the stiffness of the stem and 
root-plate. The concept of this study consists of: a) development and 
validation of a reasonably complex FE model to simulate tree response to 
static loading, similar to the assessment provided by the pulling test, b) 
sensitivity analysis of a wide range of parameters influencing tree 
response to loading, c) analysis of defects and their influence on strains, 
inclinations and the deflection curve. The results of the FE model will 
then be compared and analysed on three levels including strains, in
clinations and deflection curve. This data can be obtained by the 
elasto-inclino method or by optical techniques. 

2. Methods 

2.1. FE model and validation 

The tree species Aesculus hippocastanum L. (common name horse 
chestnut) was measured to obtain the data for validation of the FE model 
regarding tree response. The measured tree had two stems growing 
closely side by side. One of the stems was colonised by tinder fungus 
(Fomes fomentarius L.) and the tree had low vitality. The stem with no 
symptoms of infection or damage was chosen for the experiment. For 
safety reasons, the stem with fungus and the healthy stem’s crown were 

removed before testing. The tree’s diameter at breast height was 60 cm. 
The diameter of the root-plate, representing the soil–root complex, was 
1.2 m, and the depth was 0.65 m. The dimensions of the root system 
were gathered by using measuring tape directly after the destructive 
part of the test, which involved overturning the tree. The shape of the 
root system was typical for urban trees planted in a nursery without tap 
root. The tree was located in an open central area of an urban park. The 
chosen tree was growing without the influence of neighbouring trees 
and was surrounded by lawn without any sign of compaction. The soil 
conditions were investigated from the soil pit, and a sandy-clay texture 
merging to clay was found (FAO, 2006). 

The standard pulling test (Brudi and van Wassenaer, 2001) using 
elasto-inclino measurement was conducted with the addition of optical 
measurement (Fig. 1). The load was applied by a manually operated 
winch and recorded by a load cell (Isetron M-0060-1/50 -GE). During 
the measurement, the stem base inclination was tracked so it could not 
go beyond an angle of 0.25◦ to ensure the elastic range of deformation. 
Stem inclination is composed by the rotation of root-plate and stem 
inclination. Closer to the ground the root-plate inclination starts to 
prevail. The inclinometers (Sitall STS 110, precision 0.001◦), were 
placed at ground level (θ1 – at the neutral axis, θ2 – at the leeward side) 
and it was assumed that the measurement represented the root-plate 
inclination for the following study. The longitudinal strains (ε1 – on 
the compression side, ε2 – on the tension side) were measured by ex
tensometers (Mesing T101 F, precision 0.01 μm). The data-logger DEWE 
43 (controlled by Dewesoft 7.0) was used for data collection with an 
acquisition rate of 10 Hz. During the test, images of the stem and 
root-plate were captured by a Canon EOS 700D camera continuously 
taking photos at a rate of 0.2 fps. The camera was placed perpendicular 
to the pulling direction. The 16 stem markers were painted in a row 
along the neutral axis and placed 30 cm apart from each other. The 
square metal markers (10 × 10 cm, with pattern) were placed at the soil 
surface perpendicular to the camera. Based on the images, the marker 
displacement was analysed using DIC (MercuryRT 2.7, precision 0.18 
mm). The stem (ustem) and root-plate (uroot-plate) displacements were used 
for the validation of deflection curves, representing stem and root-plate 
deflections. 

The parametric linear static structural model of the tree mechanical 
response was built using FE software ANSYS (Mechanical APDL v. 18.0). 
The model is three-dimensional with simplified stem and root-plate 
geometry (Fig. 2). The stem and root-plate geometry were created 
using 192 segments in total, which consist of (6 + 6) × 12 stem segments 
plus 4 × 12 root-plate segments. To each segment was given a unique 
material number, which allowed for the material model to be set for 
each part to independently simulate defect or material variability. The 
stem geometry was built to the height of anchorage (ht 9.2 m) by six 
inner and six outer frustums (inner frustums are 0.1 m thinner in 

Fig. 1. Measurement scheme: θ1, θ2 are inclinations measured 
by inclinometers placed at a height of approx. 0.05 m. ε1, ε2 are 
longitudinal strains measured by extensometers placed at a 
height of approx. 0.6 m. ustem(1 –16) are the stem displacements 
at the position of markers placed from the tree base to the 
anchorage point and uroot-plate(17 –30) are the root-plate dis
placements at the position of markers placed approx. 3.5 m 
from the tree base. α is the angle of the line anchorage. ht is the 
height of cable attachment (9.2 m above the ground level, 
which is approximately 50 % of the overall tree height). F is 
applied force.   
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diameter). The diameter of each frustum was calculated according to 
previously measured ones (stem base db, breast height dbh, positions of 
extensometers de). The taper function was calculated between two 
consecutive measured diameters and then used to calculate the di
ameters in defined heights (Fig. 2). 

The root-plate was made up by four layers comprised of spherical 
segments and then divided into 12 sections around the circumference to 
create spherical wedges in each layer. The spherical shape represented 
the typical root system of a tree in an urban environment where the 
species-specific shape is usually suppressed by nursery treatments and 
variable conditions. The diameter of the first layer of root-plate was 
equal to the db and the depth was 1/3 of the stem base radius. The di
mensions of the second layer were 1.2 m in diameter and 0.65 m deep 
according measurement. The third layer was two times bigger than the 
second layer, and the fourth layer was three times bigger than the first 
layer. 

The orthotropic material model of green wood for the stem was 
based on the modulus of elasticity (MOE) assigned from the pulling test 
and data from Kretschmann (2010). The MOE was derived from a 
standard stress–strain diagram composed of measured strains (ε1, ε2) 
and calculated stress. The stress was calculated from the modulus of 
cross sections at the position of the extensometers (h1, h2) and bending 
moments (M1, M2) by using the following equation:  

Mi=Fcosα(ht-hi)                                                                              (1) 

The calculated MOE (5800 MPa) represents the longitudinal elastic 
modulus (EL). The radial (ER), tangential (ET) and shear moduli (GLR, 
GLT, GRT) were calculated from the EL using ratios of the elastic modulus 
for Tilia americana L. (common name basswood), which were published 
by Kretschmann (2010) (Table 5-1). Poisson’s ratios (μRL, μTL, μTR) were 
also adopted from Kretschmann (2010), (Table 5-2). Data for the green 
wood density of Aesculus hippocastanum L was set to 880 kg/m3 ac
cording to Kretschmann (2010) (Table 4-6a). This approach assumes 
comparable properties of Tilia americana L. and Aesculus hippocastanum 

L. corresponding to similar densities and MOE presented by Kretsch
mann (2010). The effect of moisture content on elastic ratios was 
neglected. 

The isotropic material model of the root-plate system was defined as 
a composite of root and soil using the rule of mixtures, therefore 
enabling a different portion of soil and roots to be present in each layer. 
The first layer contained 70 % roots, the second layer contained 20 %, 
the third layer contained 5% and fourth and final layer was pure soil. 
The elastic modulus of soil (Esoil) was chosen to be 20 MPa and Poisson’s 
ratio was set to 0.3 (Bowles, 1997; Dupuy et al., 2007). The soil density 
was set to 2500 kg/m3 based on measured properties. The elastic moduli 
for the roots were considered to be the same as the stem wood in the first 
layer, in the second layer they were reduced to 50 % and in the third 
layer to 25 %. The model was meshed with tetrahedron elements 
because of its complex geometry (Fig. 3). 

The boundary conditions for root-plate fixing were defined as having 
zero displacements in all three directions on the outer area the fourth 
layer (Fig. 2). The loading of the model was divided into 11 steps. The 
first step consisted of the self-weight effect represented by vertical (Z 
direction) acceleration for all elements to simulate gravity. The 
following ten steps simulated linear increments of pulling force up to 
8665 N, which was the experiment’s maximal value. The force was 
divided into the FX and FZ components according to α. For the FE model 
validation, the effect of the crown was not included according experi
ment. For the following analyses, the effect of the crown was applied as 
vertical force on the surface of the top stem cross-section. 

Validation of the model was based on a comparison of the stem 
longitudinal strains (ε1, ε2), root-plate inclinations (θ1, θ2) and de
flections (ustem, uroot-plate). ustem and uroot-plate were compared at the 
maximum load level by relative errors (RE’s) of each observed point. 
Comparison of the ε1, ε2 and θ1, θ2 was based on the interpretation of Mi 
vs. εi and Mi vs. θi data by linear functions (linear regression model), 
where the slopes of these functions represent stem and root-plate stiff
ness (Jonsson, 2006; Neild and Wood, 1995). Mi was calculated ac
cording Eq. (1) for each corresponding position of εi and θi. The validity 

Fig. 2. Scheme of the model: a) front section view with boundary conditions, h(i) is the height of the segment at the top and d(i) is the diameter of the stem without 
bark or root-plate diameter in the top part of the segment. Fx, Fz are applied forces; b) the circular plan view shows the stem and root-plate divided into 12 sections. 
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of experimental data interpretations using linear functions based on a FE 
model was evaluated by a coefficient of determination (R2). Thus R2 

describes how the linear regression model of stem and root-plate stiff
ness corresponds to the measurement. 

2.2. Sensitivity analysis (SA) 

The sensitivity analysis (SA) aims to provide a general overview of 
the tree response to varying parameters. The results were compared with 
experimental findings from the literature to validate the functionality of 
the model (Table 1). Parametric definition of the model allowed a broad 
series of tests to be performed in order to investigate the influence of 
changes in geometry and material on θ1,2 and ε1,2 used in the practice of 
tree pulling assessment. It also described the effect of changing tree 
parameters on uroot-plate and ustem at different heights (<1 m, 1–1.8, >4.5 
m). 

The SA was performed by ANSYS Probabilistic Design System and 
was based on the randomised generation of the input parameters by the 
Monte Carlo method. The ten input parameters representing shape and 
material properties of the stem and the root-plate were tested (Table 1). 
Selection of the input parameters and their range were both configured 
according to the preliminary sensitivity analyses, by taking the data 
available in the literature and parameters available during common field 
survey into consideration. The SA counted 300 computational cycles. 
The significance of the input to the output parameters was described by 
Spearman correlation coefficients (ρ; α < 0.05). 

2.3. Impact of defects on strains, inclination and deflection curve 

An advantage of the segments in the FE model is ability to investigate 
the influence of internal defects on tree response during loading. Two 
common kinds of defect were considered: decay in the stem and root 
damage (Fig. 4). Stem decay was represented by the reduction of elastic 

moduli to 10 % of its original value in the inner stem segments. To 
simulate root system damage, the elastic modulus of the roots was 
reduced in the second and third layer to 10 % of the original value. 

Two approaches were used to evaluate the influence of defects: a 
comparison of slopes between Mi vs. εi and θi to observe the influence of 
the elasto-inclino method, and a comparison of the stem deflection 
curves, which represent the overall response to the changes in stem and 
root-plate stiffness. The effect of the defects was investigated by taking 
the first and second derivatives of the stem deflection equation, which is 
an approach commonly used for cantilevered beams. The first derivative 
of stem deflection as a function of height equals the stem inclination 
while the second derivative describes the curvature. The progress of first 
(Eq. (2)) and second derivative (Eq. (1)) of displacement to stem height 
was used. The second derivative was evaluated from three consecutive 
nodes (see the formula (2) below) and this quantity was chosen in order 
to compare the stem deflection to the theoretical deflection of a uniform 
homogeneous beam. 

An approximation based on the Taylor approximation was used to 
obtain the second derivative of the function u(h) (Riley et al., 2006). The 
classical approach was adjusted for the purpose of managing 
non-uniform steps in the stem height (h). The following second-order 
formula for the second derivative of the function given by a discrete 

Fig. 3. The FE model with quadratic tetrahedron elements (SOLID187) and 
detailed mesh connections (consists of 77469 nodes). 

Table 1 
Description and range of input parameters of SA including the explanation of 
selected values.  

Description Range of 
values in SA 

Explanation to chosen 
range of parameters 

Parameter 
considered as a 
significant by 

stem tapering (t) 0.01− 0.02 allowed by model 
dimensions 

Spatz and 
Bruechert (2000) 

stem base 
diameter (db) 

±5% allowed deviation in 
diameter measurement 
according to Kolařík 
et al. (2018) 

Lundström et al. 
(2007); Smiley 
(2008) 

the depth of 
static 
significant 
root-plate (hr2) 

1/2db-db the correlated depth of 
root-plate, according 
to Mattheck and 
Breloer (2003) 

Moore (2000);  
Ghani et al. (2009) 

the diameter of 
static 
significant 
root-plate (dr2) 

1.3− 2.8 m minimum possible 
dimension to the 
maximum value 
computed according to 
Mattheck and Breloer 
(2003) 

Moore (2000);  
Ghani et al. (2009) 

*amount of root 
volume in the 
first layer (r1) 

50− 90% 

estimation of root 
volume in different 
distances from stem 

Crook and Ennos 
(1996); Coutts 
(1986) 

*amount of root 
volume in the 
second layer 
(r2) 

10− 70% 

longitudinal 
elastic 
modulus at 
stem base (EL1) 

5200− 9400 
MPa 

the range of literature 
values Kretschmann 
(2010); Wessolly 
(1996); Lavers (1983) 

Niklas (1992);  
Wessolly (1995);  
Gross et al. (2011) 

longitudinal 
elastic 
modulus to 1 
m (EL2) 

5200− 9400 
MPa 

longitudinal 
elastic 
modulus over 
1 m (EL3) 

5200− 9400 
MPa 

elastic modulus 
of soil (Esoil) 

20–500 MPa 

the range of literature 
values Dupuy et al. 
(2007); Fourcaud et al. 
(2008); Bowles (1997) 

Coutts (1986);  
Moore (2000);  
Dupuy et al. 
(2007); Kamimura 
et al. (2011)  

* Considering the root-plate defined as a composite of roots and soil, the root 
volume was varied to represent the influence of the root properties in the root- 
soil complex. 

B. Vojáčková et al.                                                                                                                                                                                                                             



Urban Forestry & Urban Greening 59 (2021) 127002

5

set of data points u(hi-1) = ui was obtained. 

u˝(hi) ≈ 2
ui+1(hi − hi− 1) + ui− 1(hi+1 − hi) − ui(hi+1 − hi− 1)

(hi+1 − hi)(hi − hi− 1)(hi+1 − hi− 1)
(2) 

The second derivative u′′(hi) was multiplied by the fourth power of 
the diameter (di) in all analysed positions to include the cross-section 
influence of the response. The order power was chosen as a result of 
dimensional analysis and the Buckingham-Pi theorem (Simon et al., 
2017), which relates the quadratic momentum and fourth power of 
dimensions. 

The numerical estimate of the first derivative of the deflection was 
used as a supplementary tool in plotted diagrams. First derivative was 
evaluated as a forward difference by the following formula: 

u’(hi) =
(ui+1 − ui)

(hi+1 − hi)
(3)  

3. Results 

3.1. FE model and validation 

Simulated ε1, ε1, θ1, θ2 and ustem, uroot-plate were compared with data 
from the mechanical sensors and marker tracking. Fig. 5 shows the 
difference between experimental devices and the FE model results. The 
nearly symmetrical response of the model did not fit the measurements, 
which yielded different results according to the device positions. The 
asymmetrical response of measurement caused a lower R2 for modelled 
θ2 (0.74) and ε1 (0.45), while the R2 for θ1 was 0.92 and ε2 was 0.9. 

The relative errors (RE) between the model and the measured ustem 

ranged from -14 to -33 % with an average of 22 % and variation of 22 %. 
The RE between the model and the measured uroot-plate ranged from 35 to 
-90 % (Fig. 6). The negative values of RE show that the displacement of 
the FE model was lower than the measurement, with the exception of 
displacement on the windward side of the root-plate. The points closest 
to the tree base (uroot-plate17 and uroot-plate23, Fig. 1) were excluded from 
the validation because they were partially connected to the stem and did 
not provide representative results of uroot-plate. 

3.2. SA outputs 

Significant correlations from SA are gathered together in Table 2. 
The root volume in the first (r1) and second (r2) layer was in negative 
correlation to θ1, θ2 and ustem. The influence of r2 on θ1 and θ2 (ρ =
0.76–0.77) and ustem (ρ = 0.4–0.7) is one of the most significant in the 
frame of the model. Similarly, elastic modulus of soil (Esoil) is the 
parameter that significantly influences the majority of the output pa
rameters (ρ > 0.5), except for the displacement in the upper part of stem 
(ustem>4.5m). The depth and diameter of the root-plate (hr2, dr2) are less 
significant parameters in comparison to root and soil properties (rep
resented by the r1, r2 in the modelled composite). Significant correlation 
was found between the uroot-plate and depth of root-plate system (hr2); the 
correlation is higher on the windward side (ρ = 0.38–0.75) and de
creases with distance from the stem. On the leeward side, the correlation 
is generally lower (ρ = 0.13–0.48) and increases with distance from the 
stem. 

Considering the parameters of stem, the diameter (db) has a higher 
influence on ustem and θ1, θ2 than the elastic moduli (EL). The influence of 
stem diameter on displacement increases with height (from ρ = 0.15 at 

Fig. 4. Schema of the defects. The grey area represents stem defects and root-plate damage. 1A) the base of the stem (up to 0.35 m), 1B) the lower part of the stem 
(up to 2 m), 1C) the middle part of the stem (from 0.35 to 1 m), 1D) the upper part of the stem (from 2 to 9.2 m). 2A) the whole root system, 2B) the windward side of 
the root system, 2C) the leeward side of the root system, 2D) 1/4 of the root system on the leeward side. 
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the base to ρ = 0.59 at height above 4.5 m), which is supported by the 
significance of tapering (t), which occurs exclusively in the higher part 
of the stem (Table 2). The highest correlations (ρ = 0.87–0.89) were 
found for the elastic modulus (EL2), changes in the range of values for 
sound wood, and longitudinal strains (ε1,2) near the position of these 

changes. In general, the horizontal displacements used for the deflection 
curve definition were less correlated with the changes of EL (ρ =
0.11–0.41). 

Fig. 5. Comparison of the elasto-inclino measurement and model results: a) root-plate inclination θ1 – at the neutral axis, θ2 – at the leeward side; b) stem strain ε1 – 
at the compression side, ε2 – at the tension side; M(1,2) - bending moment at the position of devices; R2

(1,2) coefficient of determination for corresponding device. 

Fig. 6. Scaled diagram of stem and root-plate deflection with relative errors between the model and the measured displacements at corresponding positions of the 
tree: ustem is the stem displacement, uroot-plate is the root-plate displacement, h is the stem height and x is the position on the ground. 
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3.3. Impact of defects on strains, inclination and deflection curve 

The validated FE model by comparison with measurement and SA 
was used for the analysis of defects. The effects of root-plate damage to 
θ1 and θ2 are presented in Fig. 7. The highest increase of inclinations was 
naturally caused by symmetrical damage of the whole root system (2A). 
There was no difference between θ1 and θ2. The θ2 was higher for 
damage on the leeward side of the tree (2C) than for damage on the 
windward side (2B). While θ1 increased about the same value for dam
age on the windward (2B) and leeward (2C) sides of the tree. 

The slight increase in θ1 was caused by a defect in the lower part of 
the stem (1A) and decrease by a defect in the middle part of stem (1B). 
The opposite reaction occurred for θ2. 

The ε1 and ε2 increased in the case of stem defects (1A) located under 
the place of strain evaluation (Fig. 8). The stem defects found above the 

position of strain evaluation (1D) caused only a slight increase of ε1 and 
ε2. 

The asymmetric root-plate damage significantly influenced strains 
(Fig. 8). Damage on the windward side (2B) caused an increase of ε1 and 
decrease of ε2, while damage on the leeward side (2C) induced the 
opposite response. The impact of ¼ root-plate damage (2D) was similar; 
ε2 increased and ε1 decreased. 

The study was complemented by analysis of the influence of the 
defect position on the stem deflection. Fig. 9 shows the change of the 
deflection curve for various defect scenarios. The inclination along the 
whole stem of the damaged root system was higher in comparison to a 
tree without damage. This observation was supported by the results of 
the root-plate surface displacement. Contrary to the response of the stem 
defect, the root-plate damage caused higher inclinations in the bottom 
part of the deflection curve. The maximal displacement (umax) increased 

Table 2 
Significant Spearman’s correlation coefficients. The range of coefficients is grouped according to the position at the tree (root-plate inclination θ1,2, root-plate 
displacement uroot-plate, stem strains ε1,2 at the position of extensometers, stem displacement below 1 m ustem<1m, from 1 to 1.8 m ustem1-1.8m and above 4.5 m 
ustem>4.5m). For a description of input parameters see Table 1. The values higher than 0.5 are bolded.  

Parameter θ1,2 uroot-plate ε1,2 ustem<1m ustem1-1.8m ustem>4.5m 

t      0.18–0.35 
db -(0.25–0.26) -(0.13–0.15) -(0.45–0.49) -(0.15–0.35) -(0.41–0.43) -(0.58–0.59) 
hr2 -(0.17–0.16) -(0.13–0.76)*  -(0.12–0.13)   
dr2 -(0.21–0.22) -(0.21–0.41)  -(0.2–0.3) -(0.17–0.18)  
r1 -(0.15–0.16)   -(0.13–0.14) − 0.12  
r2 -(0.76–0.77)  -(0.14–0.18) -(0.46–0.72) ¡0.7 -(0.4–0.52) 
EL1 -(0.13–0.16)   -(0.17–0.2) − 0.2 -(0.15–0.11) 
EL2 -(0.11–0.12)  -(0.87–0.89) -(0.11–0.2) -(0.25–0.26) -(0.15–0.21) 
EL3      -(0.32–0.41) 
Esoil -(0.52–0.53) -(0.69–0.92)  -(0.55–0.83) -(0.51–0.52) -(0.32–0.41)  

* The correlation on the windward side is higher than on the leeward side. 

Fig. 7. FE analysis – influence of the stem defects (1A-D, Fig. 4) and root-plate damage (2A-D, Fig. 4) to the root-plate inclinations: a) inclination at the neutral axis 
(θ1); b) inclination at the leeward side (θ2). RE represents inclination relative error to the model without defects. 
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about 138 % for damage of the whole root-plate (2A). The displacement 
also increased 40 % for the windward side (2B), 42 % for the leeward 
side (2C) root-plate damage and 12 % for the ¼ root-plate damage (2D). 
The simulated root damage (2A, 2B, 2C) causes greater stem and root- 
plate displacements then stem defects. Higher uroot-plate occurred at the 

damaged side (2B, 2C), while the region closest to the stem showed the 
highest response. As for the stem defects, the largest increase of umax (27 
%) was caused by the defect in the upper part of the stem (1D), which is 
represented by where the deflection curve became straighter at the 
bottom. For a defect in the lower part (1B), the deflection curve already 

Fig. 8. FE analysis – influence of stem defects (1A-D, Fig. 4) and root-plate damage (2-D, Fig. 4) to the strains: a) compression side (ε1); b) tension side (ε2). RE 
represents strain relative error to the model without defects. 

Fig. 9. Deflection curves for various scenarios in defect analysis (1A-D, 2A-D, Fig. 4) at maximum load level: ustem is the stem displacement, uroot-plate is the root-plate 
displacement, h is the stem height and x is the position on the ground. 
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inclined in the stem base although the increase in umax was 21 %, which 
is similar to 1D. The deflection curves of defects in the middle of the 
stem (1C) and in the base of the stem (1A) overlapped with an increase 
of umax at 9% and 5%, respectively. 

The first and second derivatives of displacements were calculated 
(Figs. 10 and 11) to detect the differences in stem response for various 
defects. The first derivative provides an accessible evaluation of defect’s 
presence. Regarding the stem, it is easy to see the change of curve 
inclination (Fig. 10). The root-plate damage is presented by curve offset 
(Fig. 11). This evaluation is supported by the second derivative, which 
detects the defect position through a clear change of the curve course. 
The theoretical deflection of a beam with constant EL and uniform cross- 
section is directly proportional to cube of the length between the fixed 
end and the point of deflection. Due to the continuous dependence on 
parameters, similar behaviour is expected for cylindrical tapered beams 
like the stem in the presented model. In this sense, the large second 
derivative highlights the points of any irregularity caused by the pres
ence of a defect. 

The correspondence between the stem defect and the second deriv
ative is visible in Fig. 10. The highest gradient can be seen in the second 
derivative at the interface between the defect and sound wood (see A 
and B in Fig. 10, 1A, 1B, 1C). The defect in the upper part of stem (1D) 
caused a steep change just below the interface. The low gradient in the 
regions far from the interface of the defect represents a low deviation of 
the deflection curve from the cubic function (see 1A, 1B, 1C in Fig. 10). A 
comparison of a stem with no defect shows the higher inclination of the 
first derivative above the defect (1D in Fig. 10). 

The overall increase of stem inclination caused by root-plate damage 
can be observed in the first derivative offset in Fig. 11, while the shape of 

the curve is similar to a tree without damage. This is confirmed by the 
low deviation of deflection from the cubic curve represented by the 
second derivative (see points between B and C in Fig. 11). The damage is 
shown by a significant peak in the second derivative curve (see B points 
in Fig. 11 2A-2C). In the graph labelled 2D, 1/4 of the root-plate was 
damaged, similar trend as the undamaged root-plate were shown. 

4. Discussion 

4.1. FE model and its validation 

The θ1 and ε2 were chosen as reference parameters for validation of 
the FE model. The experimentally evaluated values were influenced by 
the position of the measurement devices (Fig. 5), while the FE model 
(symmetrical in geometry and material) provided similar values for θ1, 
θ2 and ε1, ε2. The difference measured in θ1 and θ2 (Fig. 5) was most 
likely caused by the irregular shape of the stem base. Similarly, the 
difference in measured strains between ε1 and ε2 corresponds to its 
unconventional shape due to the two-trunk stem and different properties 
of wood in tension and compression. The small difference between θ1 
and θ2 in the FE model corresponds with Szoradova et al. (2013), who 
describes no influence of the position of inclinometers for tree evalua
tion. These results were observed on trees without signs of defects and 
without root starts. Also recommendations of Brudi and van Wassenaer 
(2001) for elasto-inclino method do not make difference for placing of 
extensometers on tension or compression side. 

The displacements along the stem and root-plate show that the FE 
model is generally stiffer, with the exception of the windward side of the 
root-plate. Dupuy et al. (2007) described similar behaviour in their work 

Fig. 10. First and second derivative of ustem for stem defects (1A–D, Fig. 4): u′′d4 is the second derivative (Eq. (2)) multiplied by the fourth power of diameter (di). u′ is 
the first derivative (Eq. (3)), h is the stem height. The grey area represents the vertical position of the defect in the stem. A and B are points related to the steep change 
close to the stem defect. 
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by reporting a 50 or 70 % stiffer model response depending on the soil 
type. Rahardjo et al. (2014) also explained that there is a 15–25% 
overestimation of the FE model regarding variability in root and soil 
properties. The higher RE of ustem in the upper part of the stem (above 
point no. 10, Fig. 6) could be partially caused by an overestimation of 
stiffness by geometry or material simplification (homogenous material 
properties over height and tapering derived from the lower part of 
stem). The RE’s of uroot-plate calculated for individual markers varied and 
were relatively high. A higher RE was observed for the markers on the 
edge of the root-plate, which could be explained by the combination of 
the measured tree root-system irregularities and the influence of the 
image noise to the small displacements (Sebera et al., 2014). However, 
the overall character of root-plate deflection (Fig. 6) is comparable be
tween model and measurement. This result is sufficient, considering that 
the approach was based on representing a heterogeneous real system by 
using homogenous continuum model. The presented FE model was 
validated by displacements, strains and inclinations and is considered to 
be relevant for the sensitivity analysis (SA) and the analysis of defects. 

4.2. SA outputs 

The presented significance of r2 corresponds to the critical role of 
roots in tree anchorage. Coutts (1986) highlighted the importance of 
windward root strength. Crook and Ennos (1996) found a positive 
relationship between anchorage strength and the root cross-sectional 
area. The significance of root volume was also confirmed by Dupuy 
et al. (2005) who highlighted root resistance as a function of two of 
parameters that explained 70 % of the variation by using a combination 
of biomass and topology. The FE model shows higher influence of r2 than 

r1, which is contrary to the work published by Crook and Ennos (1996), 
stating that there will be a decrease of strain on the roots the farther they 
are from the base of the stem. The increasing trend of root volume in
fluence can be given by the lower input range of parameter r1. In next, 
the first layer is relatively thin and limited in diameter by the db because 
it is a continuous part of stem. Although the composite root-plate FE 
model is not based on the real shape and topology of the roots, it still 
confirms the influence of the role of roots (represented by r1, r2) on 
general anchorage strength. The significance of soil properties described 
by the FE model is confirmed by Dupuy et al. (2007); Kamimura et al. 
(2011) and Moore (2000). Also, Coutts (1986) stated that the uprooting 
process consists of several stages, in which the significance of soil is the 
most important parameter in the first phase before primary failure. This 
conclusion agrees with the FE model operating in an elastic range 
following the elasto-inclino method. The higher impact of Esoil in SA was 
involved by defining of relatively wide range of input values. 

A higher correlation of hr2 with uroot-plate on the windward side and a 
lower correlation on the leeward side was observed together with a 
variation of correlations in regard to distance from stem and should be 
studied more. However, there can be relation of these differences to the 
“S” shape of the deformed root-plate surface presented by Villaggio 
(1998). The significant contribution of the root-plate depth (hr2) and 
diameter (dr2) is in agreement with the work of Ghani et al. (2009) and 
Moore (2000). Contrary to Dupuy et al. (2005), who describes the higher 
significance of root pattern width rather than volume, the results shows 
higher correlation of Esoil and r2. This is also supported by the power 
effect of thickness on root-plate stiffness according to structural me
chanics (Young and Budynas, 2002). The higher significance of Esoil and 
r2 in SA corresponds to the wide range of values of input parameters 

Fig. 11. First and second derivative of ustem for root-plate damage (2A-D, Fig. 4): u′′d4 is the second derivative (Eq. (2)) multiplied by the fourth power of diameter 
(di). u′ is the first derivative (Eq. (3)), h is the stem height. A, B and C are points related to the second derivative deviation due to root-plate damage. 

B. Vojáčková et al.                                                                                                                                                                                                                             



Urban Forestry & Urban Greening 59 (2021) 127002

11

(Table 1). This can be expected in practice as well, while the correlation 
between the aboveground and underground geometry parameters is 
known (Mattheck and Breloer, 2003; Štofko and Kodrík, 2008; Ghani 
et al., 2009). 

In accordance with beam bending theory (Gross et al., 2011) and 
Sellier and Fourcaud (2009), the db has a higher influence on displace
ments and inclination than EL, even though the db varied within a small 
range (±5%). Therefore, precise in-situ measurement that considers the 
bark thickness (including the upper parts of the stem) is essential for tree 
response assessment. The stem diameter was found to be significant for 
the uroot-plate what is caused by the linking of db model parameter with 
root-plate depth (Table 2). 

The high correlation of EL to ε1,2 confirms that extensometers are a 
valid tool for local measurements of sound wood properties. The local 
change of EL influences displacement above the position of change, 
which affects to overall stem deflection and should be considered during 
an interpretation of the deflection curve. 

4.3. Impact of defects on strains, inclination and deflection curve 

The increase in inclination with the size of the root-plate damage 
corresponds with the experimental findings of Smiley (2008) and Smiley 
et al. (2014). However, there is some variability among species and even 
between individual trees that is caused by the size of the roots and their 
position (Smiley et al., 2014). Representation of root-plate model by 
composite showed a more direct relationship between the damaged part 
and increase of θ1. The influence of defect’s position was observed by 
different inclining θ2 in the case of 2B and 2C, where the side with 
damage had a higher inclination. A small decrease in θ1 due to an in
crease in stiffness for the stem defect (1A) corresponds to the stem base’s 
‘joint-like’ behaviour caused by the defect described by Tippner et al. 
(2019). However, there is a small increase for the higher located 1B, 1C 
defects. The response of θ2 is the opposite for almost all of the stem 
defects. Based on previously mentioned unclear θ1, θ2 reactions, the 
effect of stem defects on the root-plate inclination and relationship with 
the position of measurement is not significant. The presented FE results 
and experiment (Fig. 5a) confirm that inclinometers are a reliable tool as 
stated by Wessolly and Erb (2016) and Detter et al. (2002). However, the 
position of the inclinometers while assessing the root-plate damage with 
asymmetrical location or an irregular stem base is crucial. 

Distinctive changes of EL below the position of evaluation (defect 1A) 
caused ε1,2 increase. The 1D defect located 1.3 m away from the position 
of ε1,2 evaluation was shown to have an insignificant impact on ε1,2. 
When performing a pulling test, it should be taken into consideration 
that the measurement by extensometers could be influenced by the 
proximity of defects and the trend in strain distribution could be helpful 
indicator of defect’s position if several extensometers are placed on top 
of each other. The extensometers capability to sufficiently reveal defects 
at the same position is confirmed by the increase of ε1,2 (1B, 1C) which 
corresponds to the research of Ciftci et al. (2014) and Smiley et al. 
(2012). The higher ε1,2 in the case of 1B indicates that the vertical 
extension of a defect significantly influences stem stiffness as well as the 
cross-section extension described by Smiley et al. (2012). 

Damage to parts of the root-plate (1B, 1C) caused a decrease of ε1,2 
on corresponding sides and an increase on the opposing sides. The stem 
strains at side with the root-plate damage are lower because of the 
transfer of internal force by the undamaged, stiffer part of the tree (stem 
and root-plate connection) which will consequently suffer from higher 
stress and strains. This confirms the interaction between root-plate and 
stem stiffness and reveals some path-dependency described by the field 
study (Tippner et al., 2019) but this should be studied in more detail in 
the future. Contrary to Brudi and van Wassenaer (2001) and the results 
of the FE model without defects, the position of the extensometers in the 
case of a root-plate with one-sided damage could cause inaccurate 
estimation of stem stability. The placement of extensometers on opposite 
sides and their interaction between each other and with inclinometers 

seems to be important. The damage of a fully damaged root-plate (2A) 
induced only a small increase of ε1,2 on both sides of the stem. The 
majority of the load probably dissipated for the root-plate’s strain and 
inclination; in principal, the stem strains are not influenced by sym
metrical root-plate damage. The connection between the stem and 
root-plate stiffness should be further investigated more in relation to the 
evaluation of trees by elasto-inclino method. The supplement of this 
method by experimental observation of stem deflection could bring 
sufficient results. 

The character of a deflection curve changes with the presence of 
defects but interpreting this change can be difficult due to the overall 
curvature of the stem (Fig. 9). The first and second derivative are pro
posed accordingly to distinguish the effects of a defect. The first deriv
ative changes inclination at the position of the stem defect, but when 
there is root-plate damage, the whole line shifts. This confirms that the 
stem inclines more when root-plate damage has occurred, but the shape 
of the deflection curve is similar to a tree without damage (Fig. 10). The 
same principle can be observed for stem defects because the inclination 
of the tree is changed at the location of the defect and the overall 
displacement increases above where the defect sits. However, bellow 
and above the defect, the shape of the deflection curve is similar to a tree 
without defects. This fact is highlighted by second derivative, which 
shows deviation from the curvature at the position of the stem defect 
(Fig. 10) and above the root-plate damage (Fig. 11). The high deviation 
of points revealed by the second derivative also contributed to the vis
ibility of stem deflection, which follows standard behaviour (curvature) 
above the defect, only with a contribution of displacement caused by 
defect below. This supports the approach published by Neild and Wood 
(1999) stating that stem deflection is calculated as the sum of the 
root-plate inclination and stem displacement. Therefore, the natural 
course of stem curvature needs to be eliminated by derivations in order 
to observe the presence of a defect. The combination of the first and 
second derivative proved to be the best option for the FE study. This 
approach is suggested for the detection of inner defects by using the 
optical marker tracking technique. 

5. Conclusions 

The validated FE model within an elastic range of behaviour pro
vided insight into the principles of tree’s mechanical response in regard 
to root-plate inclination, longitudinal strains in the stem and deflection. 
During the sensitivity analysis of parameters describing shape and ma
terial properties of a tree without defects, the soil properties and root 
volume were evaluated as the most significant parameters. The analysis 
of stem defects and root-plate damage confirmed a significant influence 
of their location according the position of inclination and strain mea
surement. The extensive damage below the position of strain measure
ment caused their significant change, while the damage above the 
position of strain and inclination observation caused only slight change. 
This interaction between the stem and root-plate stiffness should be 
considered when the elasto-inclino method is used for tree stability 
assessment. This means at least two inclinometers and two extensome
ters should be used for basic measurements and the interaction between 
these pieces of equipment should be taken into consideration. 

Observation of the tree’s overall reaction to loading seems to be a 
crucial point in the understanding of mechanical stability. The multi
point marker tracking technique could be a useful tool but is conditioned 
by effective data processing. Analysis of the deflection curve showed 
that the curvature followed the presumed shape according to the beam 
theory below and above the defect. The deflection curve of the first 
derivative proved to be an easily accessible evaluation of defect pres
ence. There was a visible change of curve inclination in the case of stem 
defect and the root-plate damage was presented by the curve offset. This 
evaluation is supported by the second derivative, in which the defect 
position was detected by a clear change of curve course. Use of the 
deflection curve as a potential tool for improving existing methods 

B. Vojáčková et al.                                                                                                                                                                                                                             



Urban Forestry & Urban Greening 59 (2021) 127002

12

should be further confirmed by field studies. 
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Appendix 1  

Abbreviation Description Abbreviation Description 

FE/FEM Finite element/Finite element method Fx Force in horizontal direction 
DIC Digital image correlation Fz Force in vertical direction 
RE Relative error M(i) Bending moment for corresponding position 
SA Sensitivity analysis MOE Modulus of elasticity calculated from measured ε1, ε2 
R2 Coefficient of determination EL, ER, ET Elastic moduli in longitudinal, radial, tangential directions 
θ1 Root-plate inclination at the neutral axis EL1 Longitudinal elastic modulus at stem base 
θ2 Root-plate inclination at the leeward side EL2 Longitudinal elastic modulus to 1 m 
ε1 Strain on the compression side EL3 Longitudinal elastic modulus over 1 m 
ε2 Strain on the tension side GLR,GLT, GRT Shear moduli 
ustem(i) Stem displacement; (i) number of observed point μRL, μTL, μTR Poisson’s ratios 
ustem<1m Stem displacement up to 1 m of stem height Esoil Elastic modulus of soil 
ustem1-1.8m Stem displacement from 1 to 1.8 m of stem height ρ Spearman correlation coefficient 
ustem>4.5m Stem displacement above 4.5 m of stem height t Stem tapering 
uroot-plate(i) Displacement on the surface of the root-plate, (i) number of observed point hr2 The depth of static significant root-plate 
umax The maximal displacement at the top of the stem dr2 The diameter of static significant root-plate 
u′′(hi) Second derivative of ustem at the position hi (Eq. (2)) r1 Root volume in the first layer 
u′(hi) First derivative of ustem at the position hi (Eq. (3)) r2 Root volume in the second layer 
u′′d4 2nd derivative multiplied by 4th power of diameter at corresponding position 1A Defect at the base of the stem 

(up to 0.35) 
F Applied load during measurement 1B Defect of the lower part of the stem (up to 2 m) 
ht Height of the cable attachment 1C Defect of the middle part of the stem (from 0.35 to 1 m) 
α Angle of the line anchorage 1D Defect of the upper part of the stem (from 2 to 9.2 m) 
db Stem base diameter 2A Damage to the whole root system 
dbh Diameter at breast height 2B Damage on the windward side of the root system 
de Diameter at the position of extensometers 2C Damage on the leeward side of the root system 
d(i) Diameter of each stem segment at the top part 2D Damage on the 1/4 of the root system on leeward side 
h(i) Position along the stem height   
x Root-plate marker position on the ground    
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