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The growing demand for wood as a raw material, coupled with the impacts of climate change on
coniferous forests, necessitates research into less-used wood species and potential hardwood alter-
natives. By integrating material characterisation with computational analysis, this research aims to
bridge the gap between resource availability and structural performance. This study focuses on devel-
oping a numerical model to simulate the mechanical behavior of softwood, hardwood, and hybrid
cross-laminated timbers (CLT) under bending loads within the linear elastic range. The research
methodology involved finite element analysis to simulate four-point bending tests on hybrid CLT
panels using the open-source FEM solver Code_Aster. Material properties were determined based
on Non-Destructive Test (NDT) measurements and literature data. The developed finite element
model successfully simulated CLT’s response under four-point bending conditions, demonstrating its
potential for virtual prototyping of various less-used wood species in CLT applications. The numerical
model showed acceptable agreement with experimental results. The relative error varies between
1.30% to 17.37% in the results based on the NDT measurements. The results derived from literature
values show higher variation. This computational approach provides a valuable tool for evaluating
alternative wood species in engineered wood products.
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Introduction

stiffness in both in-plane and out-of-plane directions
(Brandner et al., 2016). The expansion of the volume

The need for wood-based materials is steadily rising
alongside the expanding population and urbaniza-
tion. In addition to traditional timber, various engi-
neered wood products are being developed to meet
this demand. Developed in Europe at the end of the last
century, cross-laminated timber (CLT) features orthog-
onal orientations of the timber lamellae, allowing it to
function as a two-dimensional load-bearing element.
This design provides both lightweight properties and
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of the CLT is remarkable; CLT panels can be used in
prefabricated walls and floor elements. Therefore, usage
of CLT is favoured for constructional purposes since
its introduction to the market (Gagnon & Pirvu, 2011).
Choosing CLT over concrete or masonry also supports
sustainability goals.

The use of CLT products as construction material
requires a clear understanding of their mechanical prop-
erties, including stiffness and strength under various
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conditions. Therefore, experimental investigations were
widely performed on the CLT products and connec-
tions. The response of CLT to in-plane loading has been
extensively studied, particularly in relation to its appli-
cation as a wall material (Akter et al., 2021; Amer et al.,
2024; Bogensperger et al., 2010; Turesson & Ekevad,
2016). Several studies have also been conducted on
the out-of-plane behavior of CLT, demonstrating its
suitability for floor applications (Asselstine et al., 2021;
Bahrami et al., 2021; Pang & Jeong, 2019).

Evaluating the performance of wood-based compos-
ites is complex due to factors such as material hetero-
geneity and geometry, often resulting in costly and
time-consuming experimental procedures. Therefore,
numerical simulations offer a valuable alternative to
address these challenges in biocomposite performance
testing. Numerical simulations were also extensively
performed on CLT in order to investigate the physical
properties. In addition to the classical mechanical prop-
erties, studies have also examined responses related
to rheology, moisture-induced stresses, and seismic
performance. Sebera et al. (Sebera et al., 2015) analysed
the behavior of CLT panels subjected to torsion and
established an effective procedure for quick verification
of the numerical model for CLT. This methodology
can then be applied in the virtual prototyping of CLT
products that deviate from standard configurations.
Sliwa-Wieczorek et al. (Sliwa-Wieczorek et al., 2023)
investigated the creep behaviour and solved numerically
as a problem of linear theory of viscoelasticity. Gereke
and Niemz studied the moisture-induced stresses in
CLT panels (Gereke & Niemz, 2010). They established
that delamination occurs when a material undergoes
various stresses that are primarily caused by variations
in swelling and shrinkage, leading to drying defects.
The improvement of the seismic behavior of CLT panels
was investigated by Latour and Rizzano through the
introduction of dissipative connectors into the struc-
ture (Latour & Rizzano, 2017).

Recent research on finite element analysis of CLT
for bending applications has yielded significant insights.
Studies have demonstrated the accuracy of finite
element models in predicting out of plane bending stiff-
ness and strength of CLT panels, considering factors
such as layer arrangement (Albostami et al., 2021; Haft-
khani & Hematabadi, 2022; Hematabadi et al., 2020)
or lamella properties and finger joint strength (Olsson
& Abdeljaber, 2024) or layer arrangement. Hybrid CLT
panels are made from different wood species layers.
Connecting the hybrid CLT material to our study, the
beech-poplar hybrid hardwood CLT was in focus for
bending and shear stiffness performance assessment
study (Hematabadi et al., 2022). Bending stiffness was
investigated on diagonal hybrid CLT made from black
locust and eastern white pine (Kurzinski & Crovella,

2024) and on poplar and hybrid maple-poplar CLT
(Das et al., 2025).

Because of the increasing demand for wood as a raw
material, researchers have strived to investigate the usage
of less-used wood species and to investigate the potential
of hardwood species that can replace dwindling conif-
erous wood resources due to climate change (Borovics
et al., 2023; Kirdly et al., 2024; Verkerk et al., 2022).

To support this using virtual prototyping, a numer-
ical model was developed for simulating the mechan-
ical behavior of softwood, hardwood, and hybrid
CLTs in case of bending in the linear elastic range.
The performance of the finite element model was
compared to our experimental test results (Altaher
Omer Ahmed et al., 2023). The input parameters to
the material model were taken from two sources: based
on measured NDT parameters connected to the EN
strength class parameters, and from literature data. The
main goal of this study was to investigate if literature
data-based analysis is sufficient to model the behav-
ior of hybrid CLT or if applying NDT measurements
is needed for better input parameters to the material
model. The modelling of the tests relies on free and
open-source software to encourage interoperability,
adaptability, and accessibility, and could be a basis for
further parametric studies. The open-source solver
Code_Aster by EDF was utilized in numerous studies to
simulate the mechanical behavior of wood and wood-
based products or structures (Humbert et al., 2014;
Patlakas et al., 2019; Rescalvo et al., 2020; Riparbelli,
Dionisi-Vici, et al., 2023; Riparbelli, Mazzanti, et al.,
2023). To widen the application area of the open source
numerical solutions, the Coder_Aster solver by EDF
was used in this study.

Materials and methods

A finite element (FE) model was developed to investi-
gate the structural response of hybrid CLT beams under
a4-point bending, based on the test series from Altaher
et al. (Altaher Omer Ahmed et al., 2023).

The experimental study presented an investigation
of the viability of some Hungarian hardwood mate-
rials for use in CLT materials. Homogeneous beech
(Fagus sylvatica), poplar (Populus spp.), and spruce
(Picea abies) panels, as well as their combinations,
were created using a polyurethane adhesive in a three-
layer build-up.

The CLT composite was modelled in the prepro-
cessing phase as a 3D model with the open source
SALOME platform (SALOME, 2024). The mesh
consists of 33918 fully integrated linear isoparamet-
ric continuum elements (HEXAS8). The Coder_Aster
solver (v14.6) was used for linear static numerical
simulation in our current study. To simulate the
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Fig. 1. 4-point bending test according to MSZ EN 408; a — experimental test setup; b — FE model of the test

experimental test, the FE model of the CLT beams
considers orthotropic material properties where
the longitudinal axis is aligned to the grain direc-
tion, the beam width is aligned to the radial direction,
and the beam thickness is aligned to the tangential
direction. The finite elements in the model have their
principal material axes aligned with the orientation
of the lamellas in the physical beam (the middle
layer is rotated by 90° relative to the top and bottom
layers). The orthotropic elastic constants used in the
FE model were based on measured material properties
and on literature data. Prior to CLT manufacturing,
the raw material for the CLTs was graded using the
portable lumber grader, PLG + equipment, which was
developed at the Jozsef Bodig Wood NDT Laboratory
of the University of Sopron (Divoés, 2002). Table 1
demonstrates the specimen combinations for the CLT
beams with the strength classes according to MSZ EN
338 (European Standard., 2009). The labels for each
group are formed from the first letter of the material
type in the top, middle, and bottom layers of the CLT
panel (e.g., BPB = Beech-Poplar-Beech). Therefore,
the elastic parameters for the top and bottom layers,
based on strength grades specified in MSZ EN 338,
were applied in the FE model. Figure 1 shows the test
layout of the 4 point bending test according to MSZ
EN 408 (European Standard., 2010) and the FE model.
The applied load was 1500 N, which corresponds to
25% of the ultimate maximum load for the CLT made

from spruce wood. Therefore, the response of the test
structure is in the linear elastic range.

Because the full set of orthotropic elastic constants
was not measured for the tested materials, the full
set of orthotropic elastic constants was derived from
MOE (Modulus of Elasticity) parallel to the grain (E,)
and from the shear modulus for planes parallel to the
grain (G,) according to the method applied by Patlakas
et al. (Patlakas et al.,, 2019). The MOE perpendicu-
lar to grain E,) was considered as a constant fraction
of E, (E/E,=30) and the rolling shear modulus G,
as a constant fraction of G, (G /G, ;=10). The three
Poisson’s ratios were considered equal to 0.35. Table 2
presents orthotropic material properties used in FE
simulations according to the strength grades based on
NDT measurements.

In addition to the NDT-based simulations, model-
ing was performed not only based on the NDT-defined
strength class parameters, but also based on literature
data in order to compare the results in a broader manner.
Thus, the orthotropic elastic constants were taken from
the literature, which is presented in Table 3 (Horig,
1933; Keunecke et al., 2008; Milch et al., 2016; Niemz
et al., 2015; Sebera et al., 2015; Szalai, 2004). For the
traditional material spruce, the older dataset of Horig
(Horig, 1933) was included to provide a broader basis
for comparison and to reflect a wider range of material
properties sources. The postprocessing was performed
by ParaView 5.13.0.

Table 1. Species combinations used in CLT experiments and in numerical simulations. NDT predicted dominant
strength class according to EN 338 is written in parentheses; the values for the middle layers are estimated

Layer type Orientation SSS BBB PPP SPS BPB BSB

Tob L Spruce Beech Poplar Spruce Beech Beech

op Layer Longitudinal (C24) (D50) (C24) (C27) (D50) (D50)

Middl

Lalyer € Crossband Spruce Beech Poplar Poplar Poplar Spruce
(C24) (D50) (C24) (C24) (C24) (C24)

Bott

L:ye(;m Longitudinal Spruce Beech Poplar Spruce Beech Beech
(C30) (D50) (C27) (C30) (D50) (D50)
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Table 2. Orthotropic material properties used in FE simulations based on NDT measurements

E E E G G G
1 L R T LR LT RT - - -
Wood Species [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] "l Pl gl
C24 12 000 400 400 750 750 75 0.35 0.35 0.35
C27 11 500 384 384 720 720 72 0.35 0.35 0.35
C30 11 000 367 367 690 690 69 0.35 0.35 0.35
D50 14 000 467 467 930 930 93 0.35 0.35 0.35
Table 3. Orthotropic material properties used in FE simulations from the literature
E E E G G G
1 L R T LR LT RT - -
Wood Species [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] “wll P[] el
Norway spruce
(Horig, 1933) 16 200 699 400 628 775 37 0019 0013 0.24
Norway Spruce
(Saalat. 2004 13 500 890 480 720 500 32 0.45 0.54 0.56
Norway Spruce
(Keunorkeetal, 2008) 12800 625 397 617 587 53 0018 0014 0.21
Poplar
(Swalat, 2004) 9700 700 410 720 670 110 0.32 0.39 0.70
Yellow poplar 12800 1178 550 960 883 141 0.32 0.39 0.52
(Sebera et al., 2015) ’ ) ’
Eastern cottonwood
(Sebera et al. 2015) 10 340 858 486 786 538 155 0.34 0.42 0.29
European beech
(Szalat 2004) 13700 2240 1140 1610 1060 460 0.45 0.51 0.75
European beech 11060 1650 750 1240 940 380 0.04 0.04 031
(Niemz et al., 2015) ’ ’ ’
European beech 13439 1880 1031 1608 1059 460 0073 0.043 0.36

(Milch et al., 2016)

The agreement between numerical simulations and
experimental results was evaluated by comparing the
mean experimental and simulated load-deflection
curves. Deflections were averaged across repetitions
on a common load grid (0-1500 N with 1 N step) and
interpolated for the simulation. Model accuracy was
quantified using the root mean square error (RMSE),
the coeflicient of determination (R?), and the relative
error at 1500 N load.

Results and discussion

The load-deflection relationships were analysed for all
combinations. The numerical results from the NDT-pre-
dicted material model were compared to the experimen-
tal values (Figure 2). In some cases, minor deviations
were observed in the linear relationship between load
and deflection. This discrepancy may be attributed to the
different grade combinations, alignment of the specimen

in the test fixture, natural variability of the wood, and
gluing issues. This phenomenon is visible for the SSS,
SPS, BSB, and PPP combinations. However, the slopes
of the calculated load-deflection curves aligned well
with the linear range of the measured data (after approx-
imately 2 mm deflection).

According to the statistical analysis (Table 4 and
Table 5), the numerical model based on NDT predicted
material properties showed very good agreement with
experiments of BBB, BPB, PPP, and SPS, with high R
values (0.97-0.99) and low RMSE (£0.16 mm). Rela-
tive errors at 1500 N were minimal for BBB (1.89%)
and BPB (1.30%), moderate for SPS (4.20%), and
somewhat larger for poplar (11.13%). In contrast,
SSS and BSB showed lower predictive accuracy, with
higher RMSE (0.44-0.52 mm), reduced R* (0.77-0.86),
and the largest relative errors (11.28% and 17.37%).
The experimental results for SSS and BSB highlight
more clearly the deviation from linearity observed
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Fig. 2. Experimental and numerical load-deflection curves for the CLT combinations. Individual experimental curves,
the experimental average curves, and the simulation curves are presented

at the initial stage of loading. Furthermore, the less
favourable performance of the BSB could be attributed
to a phenomenon observed during specimen failure,
where most BSB specimens failed primarily due to
glueline delaminations. The exact reason for this is
uncertain, but it is most likely related to the large
density difference between the two species. Further
discussion of the affected failure mode is detailed with
a figure in the experimental part of our research (Alta-
her Omer Ahmed et al., 2023). It should be noted
that the delamination process was not included in the

numerical model at the present stage of the research,
which is a significant limitation.

When comparing the numerical results derived
from literature-based material properties with the
experimental data, the spruce CLT (SSS) datasets
showed substantial variation. Simulation results
based on the material properties of Keunecke et al.
(Keunecke et al., 2008) provided the best agreement
with the experiments (R* = 0.73, RE=19%), while
results based on Horig (1933) deviated most strongly
(R? =0.26, RE=36%). In contrast, beech (BBB) was
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Table 4. Statistical accuracy metrics for experimental and numerical load-deflection curves based on NDT predicted
material parameters

Species Number RMSE R? Experimental Simulated Relative error
Combination  of experimental [mm] deflection deflection at 1500 N load

curves at 1500 Nload  at 1500 N load [%]

[pcs] [mm] [mm]

SSS 10 0.44 0.86 4.26 3.78 11.28

BBB 10 0.10 0.99 3.05 3.11 1.89

PPP 10 0.16 0.97 3.48 3.87 11.13

SPS 10 0.12 0.99 3.57 3.72 4.20

BPB 10 0.16 0.97 3.19 3.15 1.30

BSB 10 0.52 0.77 3.81 3.15 17.37

Table 5. Statistical accuracy metrics for experimental and numerical load-deflection curves based on literature material

parameters

Species Combination Number RMSE R’ Experimental Simulated  Relative error
with material parameter of experimental [mm] deflection deflection at 1500 N
source curves at 1500 N load at 1500 N load load
[pes] [mm] [mm] [%]
SSS (Horig, 1933) 10 1.03 0.26 4.26 2.74 35.69
SSS (Szalai, 2004) 10 0.73 0.62 4.26 3.26 23.49
SSS (Keunecke et al.,
2008) 10 0.73 0.62 4.26 3.26 23.49
BBB (Szalai, 2004) 10 0.10 0.99 3.05 3.11 1.89
BBB (Niemz et al., 2015) 10 0.39 0.80 3.05 3.87 26.79
BBB (Milch et al., 2016) 10 0.08 0.99 3.05 3.19 4.51
PPP - Eestern cotton-
wood (Sebera et al,, 2015) 10 0.33 0.89 3.48 4.19 20.32
PPP - Poplar
(Szalai, 2004) 10 0.51 0.74 3.48 4.50 29.22
PPP - Yellow poplar 10 0.18 0.97 3.48 3.37 3.23

(Sebera et al., 2015)

reproduced with excellent accuracy when using the
data from Szalai (Szalai, 2004) and Milch et al. (Milch
et al,, 2016) (R? =0.99, RE<5%), whereas results
based on Niemz et al. (Niemz et al., 2015) yielded
a slightly weaker fit (R*=0.8, RE=27%). For poplar
(PPP), the numerical results from the yellow poplar
dataset of Sebera et al. (Sebera et al., 2015) gave the
closest correspondence to the experimental results
(R?>=0.97, RE=3%), while Eastern cottonwood and
Szalai’s poplar values led to a deviation of deflection
in the range of 20-29%.

The stresses can be visualized in the specimen
according to the simulations. Figure 3 demonstrates
the normal stresses in the global X direction, aligned
with the longitudinal anatomical main direction of the
top and bottom layers of the CLT in the case of the SSS
combination. Figure 4 shows the shear stresses in the
global XZ plane for the SSS combination.

The stress distributions are the results of a 4-point
loading case. The maximum shear stresses are between
the applied force and the reaction force at the end of the
beam. The maximum normal stresses due to bending are
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Table 6. Relative Errors of the numerical and experimental results in the case of bending of CLT-s in the linear elastic range

Minimum Maximum
Study Focus Relative Error Relative Note
[%] Error [%]
Navaratnam Bending and shear performance of Australian Not reported 20 RE for
etal, 2020 Radiata pine cross-laminated timber P stiffness
Hematabadi Bending and shear properties of cross-laminated RE for
. 35 52 .
etal, 2020 timber panels made of poplar (Populus alba) deflection
. Development and validation of a linear elastic
Sciomenta . ) RE for
model for three-layered Cross Laminated Timber 11 22 o
etal, 2021 . deflection in
(CLT) strip slabs
Zhang et al, Bending and s.hear pe.rfgrmance of a cross-lami- RE for
2023 nated composite consisting of flattened bamboo 0.2 6.9 stiffness
board and Chinese fir lumber
Stiffness and Deformation Analysis
Dobes et al., of Cross-Laminated Timber (CLT) Panels Made Not reported 6.4 RE for
2023 of Nordic Spruce Based on Experimental Testing, P ’ stiffness

Analytical Calculation, and Numerical Modeling

Fig. 3. Normal stresses in the global X direction in case of SSS configuration

Fig. 4. Shear stresses in the global XZ plane in case of SSS configuration
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Fig. 5. Normal stresses of the middle sections of the CLT configurations in the global X direction

in the middle of the beam with no shear effect. The bottom
part has a tension zone, and the top part has a compres-
sion zone. The normal stresses in the axes of the
beam direction in the middle sections are visible in
Figure 5. The stress field distribution varies slightly
in the case of hardwood and softwood hybrid CLTs
(Figures 5e and 5f).

Table 6 summarizes the maximum relative errors
from the literature between the numerical and exper-
imental results in the linear elastic range. Comparing
the relative error from our numerical study to other
studies with the literature for displacements in the elas-
tic range, it can be concluded that a maximum 17.37%
relative error is within the range of the other studies.

The performed study indicates that numerical
results improve when non-destructive testing is
incorporated into the procedure. While literature
data for material properties can also yield acceptable
results, the deviations may be larger. Therefore, the
choice of literature sources must be carefully eval-
uated, considering factors such as the origin of the
samples, the methods used to determine the material
properties, and the publication date of the source.

Conclusions

The numerical investigations of the 4-point bending
test of CLT provided the following key insights:

1. The application of an open-source finite element
(FE) solver effectively supports the modeling
of cross-laminated timber (CLTs).

2. The linear elastic behavior of the different CLT
layups can be adequately modeled if the strength
classes of the lamellas are known.

3. NDT-based strength class determination serves as
avaluable input for material modeling, especially when
literature data is lacking or not complete, as in the case
of less-used hardwoods (e.g., Hungarian poplar).

4. The relative errors of the FE results, based on
NDT-derived parameters compared to experi-
mental data, range from 1.30% to 17.38%, which
is consistent with the range reported in other
studies. Therefore, the effectiveness of the applied
modeling is confirmed.

5. The FE results based on NDT-derived parameters
show better agreement with the experimental
results than the FE results based on literature
parameters. Given the variability of literature
data, elastic constants derived from NDT-based
strength classes are preferable for the input to the
material model.

6. Consequently, a material model based on NDT-de-
rived parameters serves as a solid starting point
for virtual prototyping to investigate mechanical
behavior.

Looking ahead, hardwoods will be a primary
focus of our future research. Significant efforts will
be required to investigate the mechanical proper-
ties of less-used or drought-tolerant wood species.
Experimentally determined mechanical properties
will provide valuable inputs for finite element analysis
of timber structures constructed from these species.
Therefore, accurately determining the elastic proper-
ties and strength of potential hardwood raw materials
is a critical priority.
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