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Abstract
Humidity fluctuations are a leading cause of damage in wooden constructions. In the 
case of glulam products, the multitude of possible layups concerning pith locations, 
diverse material properties across wood species, and the high computational cost 
associated with multi-field analysis have constrained many research efforts to focus 
on one specific glulam layup, consequently limiting the generalizability of the find-
ings. To address this challenge, Monte Carlo simulations were employed to assess 
the significance of various factors. Based on which, two levels of simplification are 
proposed. The first level reduces the multi-layer problem to a single-layer one by 
applying appropriate boundary conditions. It substantially reduces the simulation 
costs and consequently facilitates sophisticated damage analysis, revealing the vary-
ing damage pattern across different board types. The second level of simplification 
further reduces the problem to a single-element model, enabling an analytical esti-
mation of moisture stress. This level of simplification elucidates how factors such as 
moisture difference, material rotational angle, and other material properties influ-
ence the moisture-induced stress. Most importantly, it facilitates a rapid estimation 
of the critical moisture fluctuation range and the preferred sawing location of boards 
for different wood species, which can provide guidance to the production of higher 
moisture resistant glulam.
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�
initial∕free∕end

P∕Center
  Strain of element P/Center at initial/virtual-free-shrinkage/end state 

in Fig. 12 (−)
�
initial∕free∕end

P∕Center
  Stress of element P/Center at initial/virtual-free-shrinkage/end state 

in Fig. 12 (MPa)
C  Stiffness tensor
T
�∕�  Transformation matrix for strain/stress

�ij  Poisson’s ratio (−)
�  Density (g/mm3)
f  Moisture flux tensor ( g s−1 mm−3)
�  Material rotational angle
dt∕v,i  Damage variable (for tension/shear) in direction i
Ei  Young’s modulus in direction i (MPa)
fi  Strength in direction i (MPa)
Ft∕v,i  Damage initiation criteria (for tension/shear) in direction i
Gij  Shear modulus (MPa)
J  Moisture flux across the surface ( g s−1 mm−2)
LOCi  Location i to surface, i = 1, 2, 3..., illustrated in Fig. 5
Su  Surface emission coefficient (mm/s)
t  Time (s)
u  Moisture content (−)
uEMC  Equilibrium moisture content (−)
D  Diffusion coefficient (mm2∕s)

Introduction

Wood is increasingly favored in construction for its high strength-to-weight ratio, 
renewability, and positive environmental impact. However, natural defects and size 
limitations inherent to wood necessitate the production of engineered wood products 
like glued laminated timber (glulam). Despite these advancements, moisture sensi-
tivity remains a significant challenge in timber structures. Evaluation of 245 large-
span timber structures revealed that moisture content variation contributes to 46% of 
structural damage causes (Dietsch et al. 2015).

To address these challenges, finite element method serves as a powerful tool 
for simulating moisture-induced stresses and assessing the response of wood prod-
ucts in diverse environmental conditions. Moisture content variation impacts wood 
in numerous ways. First, orthotropic hydro-expansion due to moisture changes 
can cause shape instability during technical drying and induce shrinkage stresses 
throughout both the drying process and the service life of timber structures (Ormars-
son et al. 1998; Florisson et al. 2019; Brandstätter et al. 2023; Fortino et al. 2019). 
Additionally, moisture variation triggers mechano-sorptive creep and alters mate-
rial parameters such as stiffness (Hassani 2015). An overview of the development of 
multi-field analyses that consider both hygroscopic and mechanical aspects of wood 
can be found in Yu et al. (2022 and Florisson and Gamstedt (2023). The constitutive 
model has been continuously improved and customized, aiming to cover diffusivity, 
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hydro-expansion, elasticity, viscoelastic, mechano-sorption and damage/failure 
across different wood species.

However, works studying the growth-ring lay-up effect in glulam remain lim-
ited. According to the DIC (digital image correlation) measurements by Lee et al. 
(2019), the moisture-induced strain in glulam along the width direction is found to 
be dependent on the characteristics of all layers due to the effect of adjacent lami-
nas along the glue line. Autengruber et al. (2021) also revealed how different pith 
locations can lead to varying shrinkage crack patterns in single boards. Brandstätter 
et al. (2023) further investigated shrinkage cracks in glulam cross-section under dif-
ferent moisture drying conditions using the XFEM method. This research (Brand-
stätter et al. 2023), as well as many other works (Jönsson and Thelandersson 2003; 
Zhou et al. 2010; Ormarsson and Gíslason 2016) on glulam, is restricted to only one 
specific lay-up, and the generalizability of their findings to different lay-up types is 
not discussed. The major challenge in studying the growth-ring effect on glulam lies 
in the difficulty of covering the infinite possibilities of the lamina lay-up options. 
Franke et al. (2016), as well as Aicher and Dill-Langer (2005), conducted numeri-
cal studies using several lay-up cases and confirmed the significant influence of 
the cross-section lay-up on the stress distributions and their maximum values. The 
attempt to cover the large number of lay-up possibilities can be found in the stochas-
tic study by Yu et al. (2023), where a Monte Carlo analysis, taking the pith-location 
in different layers as input uncertainty, is conducted. A stress concentration factor of 
up to 1.56 was identified in curved glulam beams caused by bending loads.

In this work, to determine the growth-ring effect on moisture-induced stress, a 
Monte Carlo analysis following the approach in Yu et al. (2023) is first conducted in 
sections “Material and method” and “Results and discussion”. The analysis identi-
fied the major influence of the growth-ring of the target layer and the minor influ-
ence from the neighboring layers. These findings then facilitate two levels of sim-
plification methods in section “Development of simplification methods” to analyze 
moisture-induced stress more efficiently. The first level aims to accelerate numeri-
cal simulations for more complex analyses, while the second level employs stronger 
assumptions to analytically estimate shrinkage stress for different pith types, mois-
ture conditions, and wood species. In section “Application”, using these two simpli-
fication methods, the damage patterns of different board types are presented, along 
with a fast way to identify critical moisture variation magnitudes and preferable 
board types.

Material and method

Finite element model

The numerical model is built using Abaqus. Sequentially coupled thermal-
mechanical models are adopted. In the thermal model, according to the math-
ematical analogy between heat transfer and moisture diffusion (Fortino et  al. 
2009), the transient moisture field can be computed. The computed transient 
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moisture field is then taken as field input for the mechanical model where the 
moisture induced stresses are simulated.

This study will conduct Monte Carlo simulations across four different wood 
species, involving a large number of parameters and significant variability. There-
fore, the selection of an appropriate constitutive material model is critical and 
must satisfy two key criteria: (1) demonstrated capability to capture the mois-
ture transfer and elastic-damage behavior of wood, and (2) availability of rele-
vant parameters in the literature. Accordingly, the constitutive models for heat 
transfer and mechanical analysis are adopted from Yu et  al. (2022) and Seeber 
et al. (2024). The principal equations used are outlined below.The values of the 
involved parameters for different wood species are listed in Tables 1, 2 and 3.

Moisture transfer part

1. Constitutive equation:

where � , u , f , D , and t are the density of the material, the moisture content, the 
flux vector, the diffusivity tensor, and time, respectively.

2. Balance equation:

where V  , S , and J are the volume of the material, the surface area, and the mois-
ture flux through the surface, respectively.

3. Boundary condition:

where Su and uEMC are the surface emission coefficient and the equilibrium 
moisture content, respectively.

Mechanical part

1. Elasticity:

where �e , Ce , and � are the elastic strain, the elastic stiffness matrix, and the 
stress tensor, respectively.

2. Hydro-expansion:

(1)�
�u

�t
= f = �∇(D∇u)

(2)∫V

f dV = ∫S

J dS

(3)J = −�Su(u − uEMC)

(4)��e

�t
=

�C
e−1

�t
� + C

e−1 ��

�t

(5)
��u

�t
= �

u

�u

�t



Wood Science and Technology           (2025) 59:58  Page 5 of 28    58 

where �u and �
u
 are the hydro-expansion strain and the hydro-expansion coef-

ficient, respectively.
3. SDM (Separate Damage Mode) damage initiation criteria:

where Ft∕v,i , �i , and fi are the damage initiation criterion, the stress, the strength 
in direction i , respectively.

4. Damage propagation:

where di is the damage variable, � = 0.99 and � = 0.1 according to Seeber et al. 
(2024).

Figure  1 shows the overview of the finite element model. The simulated glu-
lam beams consist of n ( n = 5, 9, 11, 15, 19 ) layers of board with a cross-section of 
40mm × 200mm . Each board is assigned a cylindrical coordinate system, charac-
terized by a pith coordinate (y, z) using the center point as the origin (see Fig. 3). 
Although 2D model would be sufficient for the analysis in this work, the 3D eight-
node brick element (C3D8) is chosen here to facilitate future extensions such as 
inclusion of slope of grain or analysis of curved glulam beams. In longitudinal direc-
tion, the model dimension was chosen with one element (4  mm) to model plain-
strain conditions. Hence, after convergence analysis, each layer is discretized into 
500 elements.

The initial moisture content, uinitial
EMC

 , is assigned to the entire model. Film condi-
tions are then applied to the four side surfaces of the glulam, with a sink value of 
uinitial
EMC

− ΔuEMC . Figure 2 shows the equilibrium moisture content ( uEMC ), calculated 
using the isotherms equation (Eq. 8) (Avramidis 1989). The temperature and relative 

(6)Ft∕v,i =
|�i|
fi

i = R, T ,RT

(7)di = 1 −
1

Ft∕v,i

[
1 − � + � exp (−�(Ft∕v,i − 1))

]

Table 1  Material parameters of different wood species from the  literature (Hassani et al. 2015; Pěnčík 
2015; Qiu 2015)

Considering the measuring accuracy, all numbers are rounded to 2 scientific digits; Poisson’s ratios ( �RL , 
�TL , �RT ) are calculated from the original literature assuming �ij

Ei

=

�ji

Ej

 ; for Beech and Spruce, moisture 
dependent data is used according to Hassani et al. (2015), the value listed here are at moisture content u 
= 0.12

Species EL (e4 
MPa)

ER (e2 
MPa)

ET (e2 
MPa)

�LR 
(−)

�LT 
(−)

�TR (−)GLR (e2 
MPa)

GLT (e2 
MPa)

GTR (e2 
MPa)

Spruce (Hassani et al. 
2015)

1.2 8.2 4.2 0.41 0.54 0.34 6.5 7.6 0.42

Beech (Hassani et al. 
2015)

1.4 19 6.1 0.28 0.23 0.28 13 8.9 4.9

Pine (Pěnčík 2015) 1.4 7.0 5.5 0.03 0.04 0.29 12 8.0 5.0
Larch (Qiu 2015) 1.7 12 11 0.37 0.49 0.49 6.2 3.4 0.55
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humidity data are sourced from the Deutscher Wetterdienst for Munich (Germany), 
recorded over 365 days starting from February 2023 (Fig. 2). As a result, uEMC fluc-
tuates between 0.04 and 0.28. Since uinitial

EMC
 under standard storage conditions (T = 

20◦C , RH = 65%) equals 0.12, the ΔuEMC (for the drying scenario only) is selected 
to range between 0.01 and 0.07.

Monte Carlo simulation

To analyze the growth-ring effect on moisture-induced stress, two test sets are 
conducted:

• Test Set I 30 subsets are conducted for Test Set I. In each subset, the pith loca-
tion of the middle layer are controlled to be the same. The 30 subsets corre-
sponds to 30 types of middle layer, where the pith location are selected from 
a uniform grid as shown in Fig. 3, where y = −20,−60,−100,−140,−180 mm 
and z = −200,−150,−100,−50,−25, 0 mm. For each subset, 50 simulations are 
conducted. In each simulation, the pith location of all other layers varies in the 
way that the y and zcoordinate of the pith are uniform random variables in the 
range of y ∈ [−200, 0] mm and z ∈ [−200, 200] mm.

• Test Set II For each simulation, each board layer is assigned a different random 
pith location. 300 simulations are conducted.

(8)uEMC = 0.01 ⋅

⎛⎜⎜⎜⎝
−
(T + 273.15) ⋅ ln(1 − RH)

0.13 ⋅
�
1 −

(T+273.15)

647.1

�−6.46

⎞⎟⎟⎟⎠

1

110⋅(T+273.15)−0.75

Table 2  Hydro-expansion 
coefficient (Hassani et al. 2015; 
Fortino et al. 2009; Qiu 2015)

Species �R �T �L

Spruce (Fortino et al. 2009) 0.17 0.33 0.005
Beech (Hassani et al. 2015) 0.19 0.46 0.011
Pine (Fortino et al. 2009) 0.13 0.27 0.005
Larch (Qiu 2015) 0.13 0.27 0.005

Table 3  Strength parameters for 
beech, pine, and larch (Seeber 
et al. 2024; Pěnčík 2015; Qiu 
2015)

For larch, Qiu (2015) provided strength perpendicular to grain ft,90 = 
2.31 MPa, which is adopted here for both ft,R and ft,T

Species ft,R (MPa) ft,T (MPa) fv,RT (MPa)

Beech (Seeber et al. 2024) 18 7 7
Pine (Pěnčík 2015) 5.4 4.9 2.3
Larch (Qiu 2015) 2.3 2.3 0.5
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Moreover, both Test Sets are conducted for different wood species in Table 1, for 
glulam that is composed of different number of layers n (n = 5, 9, 11, 15, 19), as 
well as for different humidity conditions ( ΔuEMC = 0.01, 0.03, 0.05, 0.07).

Results and discussion

Overview of stress development

Figure 4 shows the spatial moisture and stress distribution in a simulation example 
at day 33 after placing into dry condition. The model parameters are:

Fig. 1  Finite element model

Fig. 2  Environment data
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• number of layers: n = 11;
• controlled pith of the middle layer: (y,z) = (− 60, − 150) mm;
• humidity condition: ΔuEMC = 0.01.

It can be observed that as moisture diffuses out from the four surfaces, the highest 
tensile stresses predominantly develop in the surface regions.In contrast, in the case 
of moisture uptake, tensile stresses would form in the central region, with a lower 
magnitude compared to the stress concentration in the surface region observed in 
the drying cases. Moreover, the varying pith locations of each layer result in dif-
ferences in the distribution of both moisture content and stresses, with particularly 
notable variations in stress distribution, highlighting the importance of analysing the 
growth-ring effect.

Figure 5 shows the moisture ( Δu ) and tangential stress ( �T ) development at the 
surface region of the middle layer over 90 days. For all locations and moisture con-
ditions ( ΔuEMC ) studied here, the evolution of stress closely follows the pattern of 
moisture content change ( Δu ). However, while Δu continues to increase at a decreas-
ing rate, �T begins to decrease after reaching a maximum. This occurs because the 
moisture content in the center region also decreases over time, albeit with a delay 
compared to the surface region. This delay results in a smaller moisture difference 
between the surface and center regions, leading to a decrease in the tensile stress in 
the surface region. Additionally, locations closer to the surface exhibit higher maxi-
mum stress and a shorter time to reach that maximum.

Results of Test Set I

Figure  6 depicts the stress distribution within the same middle layer, considering 
various pith locations of the neighboring layers. Despite minor variations, the stress 
distribution in the middle layer shows remarkable similarity across different con-
figurations of the neighboring layers.

To provide a quantitative analysis, Fig.  7 presents the statistical distribution 
(obtained from 50 simulations of each type of middle layer) of tangential stress at 
four board corners (marked with x) for three exemplary types of the middle layer: 
with pith locations at (− 20, 0) mm, (− 40, − 50) mm, and (− 60, − 150) mm, 

Fig. 3  The pith coordinates 
(y,z) are negative in the above 
examples as the individual 
board centers are taken as the 
origins. Pith location grid with 3 
board example
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respectively. The average stress across different locations of these three types ranges 
from 0.79 to 1.69 MPa. In contrast, the stress variation within a specific corner of a 
particular middle layer is confined to a range smaller than 0.3 MPa.

A normal distribution is employed to fit the data, and the standard deviations con-
sistently measure below 0.07 MPa. This observation suggests that the influence of 
the layups of neighboring layers on stress distribution is limited.

Furthermore, it is observed that points sharing the same material rotational angle 
� exhibit consistent average stresses, regardless of the middle layer type, such as 
Point C of the first and second example in Fig. 7. To validate this observation, stress 
values are plotted against the rotational angle for all simulations across all 30 types 
of middle layers in Fig. 8.

Based on the above analysis, the following conclusions can be drawn regarding 
the stresses in the middle layer:

• Observation I: stresses are minimally affected by the layups of neighboring lay-
ers.

• Observation II: stresses exhibit a strong correlation with the rotational angle of 
the material.

Fig. 4  Moisture and stress distribution at 33rd day after placing in dry condition of ΔuEMC = 0.01

Fig. 5  Moisture and stress development at surface region (LOC i represents the outermost node of the ith 
element from the surface)
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Results of Test Set II

In this test set, the goal is to validate the aforementioned features across various 
wood layers, times, locations, and wood species.

Figure 9 displays the tangential stress values versus rotational angles in different 
layers of a 9-layer glulam beam. It can be seen that, except for the top and bottom 
layers, all layers exhibit an almost identical relation between stress and rotational 
angle. The top and bottom layers, however, show two distinct types of curves. This 
is due to the boundary conditions at locations C and D for the top layer and at loca-
tions A and B for the bottom layer, which are essentially free.

As shown in Fig. 10, one day after placing the beam in dry conditions, tangential 
stress is only evident at location Loc = 1 (location definition is shown in Fig.  5) 
and remains at 0 MPa at all other locations. After one month, stress variations start 
to appear at all locations but are smaller further away from the surface. This can 
be explained by moisture penetrating deeper into the beam over time. At each time 
point, the further the distance from the surface, the smaller the magnitude of the 
moisture content change.

It is observed that the variation of stress at the same angle becomes larger over 
time. At three years after placing the beam in dry conditions, the correlation is 
almost not noticeable.

Hence, it can be concluded that the aforementioned features found in Test Set I 
are valid for:

• all board layers except for the top and bottom;
• different locations where the distance to the side surface is between (0, Y) mm.
• a limited time period between (0, X) days.
• as observed in Monte Carlo simulations, for a board dimension of 40  mm × 

200 mm, Y is no less than 30 mm and X is no less than 30 days.

Fig. 6  Tangential stress of the same middle layer with different layups to other layers: ΔuEMC = 0.01 , 
Pith of middle layer = (− 60, −150) mm, Time = 1st day
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Fig. 7  Statistic distribution of tangential stress at the corners of the middle layer ( ΔuEMC = 0.01 , Time = 
1st day)
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Development of simplification methods

First level of simplification

Based on the Observation I from Test Set I and Test Set II, where the stress in most 
board layers is only slightly influenced by the neighboring layers, it is logical to 
assume that the multi-layered glulam problem can be simplified to a single-board 
problem. This simplification is depicted in Fig. 11, where the influence of the neigh-
boring layers is abstracted into a rotational boundary condition.

To validate this assumption and to understand why the influence of neighboring 
layers is minimal, it is crucial to comprehend the underlying mechanisms of stress 
development.

From the spatial distribution of moisture content and stress shown in Fig. 4, it can 
be seen that after one month, only a very limited depth is influenced by the humidity 
change due to the slow diffusion process in wood. Consequently, most of the central 
region exhibits almost zero stress, while only the surface region experiences high 
tensile stress due to the shrinkage in this area. Based on this observation, the central 
region can be considered a rigid body, maintaining almost constant moisture content 
and stress over a certain time range. Therefore, the problem can be represented using 
the sketch shown in Fig. 12. The steps in Fig. 12 and the corresponding moisture 
and mechanical states are:

• Initial State

– Moisture state uinitial
P

= uinitial
EMC

 for any point P in Center Region and Surface 
Region.

– Strain state Zero deformation in Center Region and Surface Region.
– Stress state Zero stress in Center Region and Surface Region.

• Virtual Free-Shrinkage State

– This is a virtual state with assumed free boundary condition Surface Region 
can shrink freely without any restriction from the Center Region or neigh-
boring layers (i.e., no connection between the Surface Region and the Center 
Region, and no connection between layers).

Fig. 8  Stress vs rotational angle: ΔuEMC = 0.01 , Time = 1st day, LOC = 1 (LOC definition see Fig. 5)
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– Moisture state ufree
P

∈ [uinitial
EMC

− ΔuEMC, u
initial
EMC

] point P in the Surface Region, 
and ufree

Center
≈ uinitial

EMC
 for the Center Region.

– Strain state Free shrinkage for the Surface Region according to ufree
P

 ; approxi-
mate zero deformation for the Center Region.

– Stress state Almost zero stress in all regions due to the free shrinkage.

• End State

– Boundary condition Deformation of the Surface Region is restricted by 
the Center Region and the Surface Regions of two neighboring layers.

– Moisture state uend
P

∈ [uinitial
EMC

− ΔuEMC, u
initial
EMC

] for the Surface Region, and 
uend
Center

≈ uinitial
EMC

 for the Center Region.

Fig. 9  Stress vs rotational angle at different layers: species = Beech, ΔuEMC = 0.03 , Time = 33rd day, 
LOC = 3
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– Strain state Approximate zero deformation for the Center Region. Defor-
mation in the Y direction of the Surface Region recovers to approximate 

Fig. 10  Stress vs rotational angle at different locations and time points: species = Beech, ΔuEMC = 0.03
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the same state as the Center Region, with slight differences due to varia-
tions in global stiffness between layers.

– Stress state Approximate zero stress for the Center Region; tensile stress 
for the Surface Region due to the strain difference between the End State 
and the Free-Shrinkage State.

From the above analysis, it is clear that stress arises because that the surface 
region is restricted in the End State, in comparison to the Virtual Free-Shrinkage 
State. This restriction is caused by the two neighboring layers. Moreover, how 
strong the restriction is dependent on the local stiffness of the neighboring layer 
at the surface region, which can be determined by the local material direction.

If the material direction of the analyzed layer aligns with its two neighboring 
layers, then the surface region at the end state should return to the same level as 
the initial state, resembling the boundary condition depicted in Fig.  11. How-
ever, due to differences in the pith location between layers, the returned level is 
not exactly the same as the initial state, which explains the fluctuation of stress 
within the same layer as observed in Fig. 7 in Test Set I.

Fig. 11  First level of simplification

Fig. 12  Sketch of the deformation at three states
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Nonetheless, because the surface region has a shallow depth, the center 
region can be considered almost as a rigid body. This means the recovered level 
of the surface region is nearly equivalent to the initial state, and the influence of 
the neighboring layers is small compared to the influence of the center region, 
explain the Observation I in Test Set I.

Consequently, Fig.  13 presents the stress-angle relationship as simulated 
by both the full glulam analysis (real case) and the first level of simplification 
method for different species. The strong quantitative agreement between these 
results validates the simplification method across different locations and various 
wood species.

To summarize, the first level of simplification relies on the observation that 
varying the pith location of neighboring layers has minimal impact on the stress 
levels of the analyzed layer. Therefore, the primary assumption and limitation of 
this simplification is the disregard of this influence. Additional, such simplifica-
tion is not valid for the most top and bottom layer.

The main advantage is that it reduces the multi-layer problem to a single-
layer problem, making it easier to perform more complex analyses that requires 
sophisticated material models and higher computational cost. An example is the 
damage evolution analysis that will be shown in the next chapter.

Second level of simplification

Although the first level of simplification significantly reduces computational costs, 
certain observations from the Monte Carlo simulation (as shown in Fig. 13) remain 
unexplained:

• Why does the stress in the surface region exhibit such a strong non-linear corre-
lation with the rotation angle?

• Why does this correlation vary between different species?
• What is the primary material parameter that determines the maximum stress?

If we can derive an analytical equation to explain this non-linear correlation, we 
could generate the correlation curve and estimate the maximum stress for different 
species in a matter of seconds, instead of conducting extensive numerical simula-
tions for various types of boards and species.

To achieve this, the problem needs to be further simplified to the single-element 
level, as shown in Fig. 14. Building upon the problem abstraction outlined in Fig. 12 
and the success of simplifying the influence of the neighboring layers to rotational 
boundary conditions, it is logical to assume that the influence of the center region 
can similarly be characterized by a fixed boundary condition on one side.

Neglecting the effect in the longitudinal direction, the stiffness matrix ( C ) and 
rotational matrices ( T� , T� ) are given by:
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Fig. 13  Stress versus rotational angle of different species at different locations (from inner 5 layers of 
9-layer glulam): ΔuEMC = 0.03 , Time = 14th day
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If the element P can shrink freely (as shown in Fig. 12 Free Shrinkage State), the 
free shrinkage strain in the local ( �free

P,local
 ) and global coordinate system ( �free

P,global
 ) are:

where �R and �T are the hydro-expansion coefficients. uend
P

 , ufree
P

 , uinitial
P

 represent the 
moisture content of element P at the End, Virtual Free-Shrinkage, and Initial State, 
respectively.
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Fig. 14  Second level of simplification
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Hence, the strain changes Δ�P,global between End State and Free Shrinkage 
State can be calculated as:

and the corresponding final stress �end
P,global

 can be calculated as:

According to Fig.  14, the boundary conditions in this level of simplification 
indicate:

• the rotation strain in End and Virtual Free-Shrinkage remains the same: 

• at the End State, the stress in Z direction is zero: 

• at the End State, element P will have the same strain in Y direction as the 
Center Region: 

• additionally, assume the element in the Center Region next to element P to 
have the same rotational angle as element P, the strain at the End State in Y 
direction of center region ( �end

Center Y
 ) becomes: 

Substituting Eqs. 16 and 17 into Eq. 15:

Substituting Eqs. 18 and 19 into Eq. 14:
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So far, all components of strain difference between End State and Virtual Free-
Shrinkage State ( Δ�P,global ) are solved:

Finally, the local stress at the End State ( �end
P,local

 ) can be easily calculated from 
Δ�P,global as:

which gives:

where C′′
ij
 are the components of CT�−1.

The validation of the above solutions is presented in Fig. 13 for different locations 
and wood species. Moreover, it is important to note that both simplification methods 
have also been validated for various ΔuEMC conditions, different time (ranging from 
1st to 14th day), and different stress components ( �R , �T , �RT).

To summarize, the second level of simplification further abstracts the influence of 
the center region on Element P of the surface region as a fixed boundary condition, 
which is mathematically represented by Eqs. 16–19. Correspondingly, this method is 
valid only within the elastic range and during periods when moisture changes in the 
center region are minimal.

The major advantage is the clear elucidation of how stress is influenced by the rota-
tional angle, stiffness, and hydro-expansion coefficients. This means that for any new 
wood species, a quick estimation of the moisture-induced stress level can be achieved 
without conducting numerical simulations. It also provides information such as the 
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critical rotational angle, critical moisture range, and preferred board type, as will be 
demonstrated in the next chapter.

Application

Application of second level of simplifcation

Critical rotational angle

According to Eqs. 24 and 25, the stress at two extreme angles can be calculated:
when � = 0°:

when � = 90°:

�
end,0◦

PT
 and �end,90◦

PR
 represent approximately the maximum tangential stress and maxi-

mum radial stress, respectively. Accordingly, Fig. 15 shows examples of boards that 
will exhibit the highest tangential/radial stress.

The first board type in Fig. 15, where the pith is located at (− 20 mm, 0 mm), is 
frequently considered a critical case in various studies (Brandstätter et al. 2023; Jöns-
son and Thelandersson 2003; Zhou et al. 2010). However, this assumption appears to 
lack sufficient justification. While this board type does represent the scenario with the 
highest tangential stress induced by moisture, it remains unclear if it corresponds to the 
earliest initiation of damage and how extensively the damage will develop. These issues 
will be addressed in the following section.

Critical moisture fluctuation range

Instead of the absolute stress value, a more meaningful parameter to check is the 
damage variable. According to the initiation criterion of Separated Damage Mode 
(Seeber et al. 2023):
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The damage variable versus the rotational angle can be seen in Fig. 16, according 
to the parameters from Tables 1, 2 and 3.

Moreover, this method can also be adopted for different failure criteria. As an 
example, the multi-surface Tsai-Wu failure criteria is considered for spruce (Lukace-
vic et al. 2017) with the corresponding parameters shown in Table 4:

It can be seen that for all species, the most critical damage variable occurs at angle 
around 0 degree. To understand the reason, by considering SDM:

where Δu is moisture fluctuation magnitude, and Δu = (uend
Center

− uend
P

).
Hence, for a given wood species, whether Fmax

T
 is larger than Fmax

R
-and thus 

whether boards with a surface angle of 0◦ or 90◦ will exceed the damage criteria 
first-depends on the ratios ET�T
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 and ER�R

fR
 . The assumption that the board types in 

Fig. 15a are most critical in terms of damage initiation holds true under the condi-
tion that ET𝛼T
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>
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fR
.

In addition, the critical moisture fluctuation range Δucritic can be calculated using:
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Fig. 15  Examples of boards with locations exhibiting highest stress (highlighted in red) (color figure 
online)
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This value represents the change in moisture content that would lead to a viola-
tion of the damage criteria. If the moisture change remains below this threshold, 
the boards can be considered safe from shrinkage cracks. Consequently, Δucritic for 
beech, pine, and larch are 2.5%, 2.4%, and 0.8%, respectively. Similarly, Δucritic for 
spruce can be calculated according to the multi-surface Tsai-Wu criteria and the 
result is 1.4%.

Based on the adopted failure criteria, the glulam made from beech and pine are 
less prone to the shrinkage damage caused by moisture changes. Their Δucritic values 
align well with the allowed fluctuation range of 2%, as suggested in an early research 
document by van der Velden and Kuipers (1976). However, spruce and larch are 
more susceptible to moisture-induced damage, indicating a need for stricter control 
on moisture fluctuation.

Preferred board type

Similar to Eq. 37, the critical moisture fluctuation range for all rotational angle can 
be inversely calculated, and the results for beech and spruce are shown in Fig. 17.

It can be seen that, for beech wood, by selecting boards with rotational angles 
between 30◦ and 150◦ , the critical moisture content for beech wood can be increased 
to 3.1%. For boards with rotational angles within the range of 45◦ to 135◦ , the criti-
cal moisture content can reach as high as 4.7%. Similarly, for spruce, the critical 
moisture contents are 2.7% and 4.5% for the rotational angle ranges of [ 30◦, 150◦ ] 
and [ 37◦, 143◦ ], respectively.

It is essential to point out that the conclusion is based on the simulation 
results, where the fluctuation range of ΔuEMC is below 0.07, and the elasticity of 

(37)Δucritic = min(Δu|Fmax
T

=1,Δu|Fmax
R

=1) ≈ min

(
fT

ET�T
,

fR

ER�R

)

Fig. 16  Damage variable versus rotational angle ( ΔuEMC = 0.03, LOC = 1, Time = 14th days)

Table 4  Damage parameter of 
spruce

Damage surface i aRR,i aTT ,i bRRRR,i bTTTT ,i bRTRT ,i

i = 1 0.01173 0.47073 0.00713 0.00559 0.00048
i = 2 0.12170 0.34478 0.00405 0.00541 0.00138
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wood is considered to be moisture-independent. Additionaly, this work considers 
mainly the material rotational angle in the cross-section but not any fiber devi-
ation. In reality, the hardwood species such as beech always presents stronger 
curvature in the longitudinal direction, posing challenging in controlling the 
cutting angles of the boards. For such species, the plausible way to estimate 
the moisture induced stress could be employing the first level of simplification 
and additionally implementing the fiber deviation information, which can be 
obtained through the scanning technique (Seeber et al. 2023; Huber et al. 2021; 
Lukacevic et al. 2019).

Application of first level of simplification: damage development

Based on Observation I from the Monte Carlo analysis, it can be inferred that the 
development of moisture-induced damage in a board within a glulam structure 
is primarily influenced by the material properties of the board itself, rather than 
the material properties of the neighboring layers. Hence, employing the first level 
of simplification, it streamlines the analysis process while still providing reliable 
insights into the damage evolution. Figure 18 shows the damage patterns of 25 
types of boards with varying pith directions. In this simulation, the material used 
is beech, and the ΔuEMC is 0.03.

It can be seen that additional to the damage at the surface regions, significant 
damage can evolve inside the board. As the damage variable shown here is the 
tangential one, which is the most major damage for beech wood, it advances 
mainly in the radial direction. These simulated damage patterns qualitatively 
resemble the drying cracks observed in the real glulam beams in the work of 
Franke et  al. (2015) and Bucur (2011). However, quantitative validation is still 
necessary, particularly concerning damage depth, the ΔuEMC level that activates 
damage, and other factors. Moreover, as the simulation is a sequentially-coupled 
moisture-mechanical analysis, the evolution of damage is assumed to have no 
influence on moisture diffusion in this study.

Nevertheless, examining the evolution of moisture content, stress, and damage 
parameters at different simulation increments, as depicted in Fig. 19, provides a 
possible explanation for the major radial cracks: the onset of damage corresponds 
with changes in moisture content, starting from the surface region. Afterwards, 

Fig. 17  Critical moisture content change
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due to the damage, the affected areas can withstand less stress, leading to stress 
redistribution inside the entire board. Given the low tensile strength in the tan-
gential direction, significant tangential damage is then formed and evolves in the 
radial direction.

The damage pattern in different boards varies significantly due to the location 
of the pith. As shown in the green box in Fig. 18, for boards where the z-coordi-
nate of the pith is near the surface region (i.e., pith = (y, z), with y ≤ − 60 mm, z 
≈ − 100 mm), the damage remains localized at the surface, since the penetration 
direction is almost vertical. Conversely, as highlighted in the red box, for boards 
where the y-coordinate is within the thickness of the board (i.e., pith = (y, z), − 
20 ≤ y ≤ 0 mm), the damage progresses almost horizontally, penetrating the entire 
width of the board. In such cases, serious concerns can be raised about the stabil-
ity of the entire glulam structure.

Conclusion

This study employed Monte Carlo simulations to analyze moisture-induced stress 
in glulam, where the pith locations of different layers are taken as the input ran-
dom variables. Three key observations can be concluded from the Monte Carlo 
results: 

1. The moisture-induced stress varies significantly among boards with different pith 
locations, highlighting the importance of considering the growth-ring effect.

2. The influence of neighboring board types on shrinkage stress is minimal, suggest-
ing that focusing on features of the analyzed layer itself rather than neighboring 
layers is sufficient in many cases.

Fig. 18  Damage parameter d for tangential direction (see Eq. 7) of boards with different pith coordinate 
(y, z)
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3. A strong non-linear correlation exists between the moisture-induced stress and 
the material rotational angle in the surface region.

To address the need for reducing computational costs and understanding of 
how material parameters influence moisture-induced stress, two levels of simplifi-
cation methods are proposed based on the observations. These methods yield the 
following insights: 

1. The nonlinear relationship between moisture-induced stress and material param-
eters can be approximated by mathematical equations;

2. The common assumption - a board with pith at the middle of its bottom surface 
represents the most critical case - holds true if ET𝛼T

fT
>

ER𝛼R

fR
;

3. Spruce and larch are more sensitive to moisture fluctuations compared to beech 
and pine, according to the material parameters provided in literature;

4. In the analyzed example of beech, moisture-induced damage primarily advances 
in the radial direction.

5. Although damage is initiated by the moisture-induced stress that is localized at 
the surface region, the advancement of damage can penetrate the entire width of 
the board, for boards where the height of pith is within the board’s thickness.
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