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Abstract

Sustainable materials such as cross-laminated timbers (CLT) are increasingly being used in the
construction of green buildings worldwide. Such products may be exposed to cyclic environmental
conditions and exhibit moisture-induced damage. The main objective of this study is to develop
and validate an efficient, physically-based tool to simulate the moisture transport, and

consequently moisture-induced stresses and deformation in laminated orthotopic composites.

Predicting the moisture profile variation with time is the first step toward understanding the
performance of CLT panels under extreme environmental loads. A comprehensive literature
review was conducted to determine the most critical parameters in moisture transport phenomena
in CLT panels to ensure the capability of the framework to capture the essential moisture transport
mechanisms. Thermal moisture analogy theory was used for simulating the moisture transport
across the composite material cross-section. Unlike previous studies, the moisture adsorption curve
of the material was used instead of employing the surface emission coefficient to estimate moisture
flux at the surfaces. The method was verified and validated based on a simple one-dimensional (1-
D) analytical model and experimental data, respectively. A series of parametric studies were
conducted using the validated model to highlight the effect of glue lines, wood species, boundary
conditions, panel dimension, and orientation of CLT layers on the moisture transport across the

composite panel.

After predicting the moisture profile of CLT panels, the numerical model was used to determine
the stresses caused by humidity differences on panel surfaces. The applied transient load in the
model was obtained from the moisture transport simulation. The total strain rate is assumed as the
sum of the elastic and the moisture-induced strain rate. The mechano-sorptive strain is omitted
from the material model since it is assumed that samples are not under mechanical loading. The
stress model was successfully validated by experimental data reported in the literature. Parametric
studies were conducted to investigate the significant role of panel bonding lines (i.e. elasticity
modulus and moisture diffusivity) on moisture-induced stresses. A failure analysis was completed
to determine how wood species affect laminated composite failure. The same approach was
followed to determine the moisture-induced deformation through a finite element analysis. Finally,
the effect of adhesive elasticity and its moisture diffusivity on the deformed shape of CLT panels

was investigated parametrically. This study showed that the choice of adhesive along with the
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combination of wood species, could significantly affect the panel’s moisture profile and developed
stresses even after 14 days under similar environmental conditions. As demonstrated in this thesis,
simulating moisture transport in CLT panels is crucial in determining stresses and deformation

caused by environmental conditions.
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1 Introduction

1.1 Background

Wood, as a natural resource, is suitable for many types of building construction. Wood is
renewable, biodegradable, recyclable, and stores carbon, resulting in a smaller environmental
footprint than other building materials. The application of wood in timber structures has been
developed for years. Fig 1.1 shows the history of using timber in construction. Cross Laminated
Timber (CLT) panels are increasingly being used in the construction industry due to their higher
structural capacity and dimensional stability compared to wood [1-2]. CLT is a prefabricated,
solid-engineered wood panel. A CLT panel consists of several layers of lumber boards stacked in
alternating directions and bonded with adhesives. CLT panels consist of an odd number of layers
(three to seven layers). Applications for CLT include floors, walls, and roofs in buildings. The
higher strength and dimensional stability of CLT panels make them cost-effective for multistory
and long-span diaphragm applications. In structural systems, such as walls, floors, and roofs, CLT
panels serve as load-bearing elements. In wall applications, the lumber used in the outer layers of
a CLT panel is typically oriented vertically so its fibers run parallel to gravity loads, maximizing
the wall’s vertical load capacity [3]. In floor and roof applications, the lumber used in the outer

layers is oriented parallel to the direction of the span.

Glulam \ - |

~

I g Multi-storey %

Sawn

Products

Large-span
Timber-frame

iz B4

1900 1950 1990 2021
Time (years)

T

Use of timber in structures
Structures

Fig 1.1: History of using timber in structures /4/



CLT panels continuously interact with their surrounding climate due to their hygroscopic
properties. Wood absorbs moisture from the ambient air and swells when the environment's
relative humidity (RH) increases. With a decrease in RH, such materials lose moisture and
contract. From a mechanical perspective, permanent deformation or damage may occur if changes
in RH and temperature are significant or frequent enough [5], [6]. Thus, the mechanical behavior

and shape stability of CLT panels would be affected by changing the climate condition.

Researchers have found that moisture content variation is one of the main causes of timber damage
[7]. Such damage commonly appeared as cracks in timber elements. Cracks would impact the
performance of timber elements and are known as the primary damage type in timber elements,
according to literature [7] (see Fig 1.2). Thus, predicting the moisture content is the first step
toward understanding the performance of CLT panels under combined mechanical and

environmental loads.

ober ] | « other ]
) Cause of damage failure of steel parts [l Type of damage
corrosion n ) ) . )
open gluelines [JE
incec 2 2

insects msects [H

shear stresses fungi [E
missing fasteners moisture accumulation

shear fracture [JE
tensile stresses [N _ :
) excessive deformations  [EY
bending stresses |G cracks (mainly) in timber
quality of gluelines tensile fracture
changes in moisture content 12 stability
' . failure of joints | N A AREY
high moisture content -
. . decay INNEEETY
ension perp. to grain stresse:
tension perp. to grain stresses Stacks sround licing
low moisture content | T cracks in timber |

Fig 1.2: Evaluation of 245 assessments of large-span timber structures, left: cause of damage, right: type of damage

[7].
Several studies on simulating moisture diffusion into wood can be found in the literature. Simpson
[8] investigated a mathematical relation between relative humidity and moisture content based on
the sorption data of the U.S. Forest Products Laboratory [9]. Simpson [8] showed that the
Hailwood and Horrobin models [10] provided the most accurate prediction of the maximum and
minimum amount of moisture content in the outer regions of the panels. Franke et al. [11]
developed a numerical model to estimate the influence of the climate on the wood moisture content
and the risk to crack initiation in the long-span timber load-bearing elements. Sevenson et al. [12],

Fortino et al. [13], and Autengruber et al. [ 14] conducted moisture simulations in timber elements.
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They concluded that estimating moisture content in timber elements exposed to varying climates
is critical for evaluating moisture-induced stresses in structural elements [ 12]-[18]. Although these
studies have managed to estimate the moisture content in the selected timber elements, the effect

of adhesives on the moisture profile of multi-layered timber elements has not been scrutinized.

Considering the significant effect of glue lines on the 3-D diffusion path is one of the challenges
in modeling the moisture diffusion and predicting the moisture profile in CLT panels. This matter
is of paramount importance when the physical properties, such as diffusion coefficient, change
with the moisture content of the material at each point with time. As water diffuses through
different wood layers, the glue lines may act as barriers and potential locations for moistening.
This phenomenon could lead to local expansion/shrinkage at the glue lines, development of
residual stresses, and ultimately debonding or splitting [19]-[21]. Hence, the presence of an
adhesive layer and its physical properties should be considered for understanding the performance
of engineered wood composites under extreme environmental loads and ultimately improving the

durability of such composites.

1.2 Previous research on CLT panels

Unlike solid timber, studies on modeling moisture diffusion in cross-laminated timbers (and timber
composite products in general) are quite rare. Several experimental studies were conducted to
measure equilibrium moisture content and moisture diffusion in cross-laminated spruce panels
using cup test [5], [22]-[24]. Results highlighted the effect of glue lines in laminated composite
panels. The results from the cup test determined that the water vapor resistance of samples
decreased with increasing voids between wood layers. Popper et al. [25] conducted cup tests to
investigate the water vapor resistance of three and five-layered cross-laminated wood panels. The
results showed that the water vapor resistance of selected panels is a function of glue lines'
properties. Also, the study indicated the effect of glue line thickness per panel thickness ratio on
the vapor resistance of laminated panels. The water vapor resistance increased with the increased
glue lines per panel thickness. Furthermore, Popper et al. [25] reported a linear moisture diffusion
pattern across the spruce panels. The complex set of experimental results led the researcher to

complete numerical studies on moisture diffusion simulation in cross section of CLT panels.



Niemz et al. [26] studied the moisture diffusion in spruce CLT panels exposed to outdoor
weathering. The moisture content was measured in 60 mm thick spruce panels in a climate of 90%
RH at 20°C. Simulations showed good agreement with the measurements. Extending the work of
Niemz et al. [26], Gereke [27] conducted a more comprehensive study on simulating moisture
diffusion in three layered spruce panels when these panels were exposed to variable climate
conditions (RH=65%-100%). The results confirmed the significant effect of glue lines on the
moisture profile of spruce CLT. Gereke [27] employed mathematical equations to calculate the
moisture diffusion coefficient of spruce and glue lines as a function of moisture content. His results
showed that the selected values for the moisture diffusion coefficient of materials could
significantly affect the moisture transfer across the CLT made of spruce layers bonded by one-
component polyurethane (1K PUR) adhesive. However, the model of Gereke is only valid for the
selected materials (spruce and 1K PUR) since the developed mathematical relation for diffusivity

of materials were based on experiment.

In addition to moisture content measurements, Gereke [27]-[29] conducted experimental studies
to measure moisture-induced deformation and moisture-induced stresses in CLT panels. Then a
numerical model was developed to see the effect of CLT layers’ thickness ratio and application of
prestressed wood species on moisture-induced stress and deformation. Gereke [29] reported the
highest deformation along the minor axis (y-z plane) in CLT panels. Also, it was shown that, with
an increase in layer thickness ratio, the cup deformation increased, and stresses decreased. Using
pre-stressed layers in the experiment showed significantly more minor moisture-induced

deformation than the reference panel [29].

1.3 Objective

This research aims to complement the work of previous researchers by quantifying the adhesive
effect on moisture-induced stresses in cross-laminated timber panels and proposing knowledge-
based strategies to improve the dimensional stability of such panels. The primary goal is to find a
general framework suitable for simulating CLT panels' moisture transport. Then, the moisture-
induced stress and deformation are predicted by applying the simulated moisture transport to the

model. Finally, through parametric studies, the influence of adhesive properties on the moisture-



induced response (stress and deformation) of CLT panels is determined. Strategies to reduce the

developed stresses are discussed.

1.4 Thesis Outline

In this thesis, a finite element method has been developed and validated by previous experiments
to investigate the effect of adhesive on moisture-induced stress and deformation of CLT panels.

The outline of the thesis is as below:

In Chapter 2, numerical modeling is presented to simulate moisture transport in the cross-section
of the CLT panel. After validation, several parametric studies are conducted to investigate the
influence of adhesive types, wood species, boundary conditions, moisture exposure time duration,

layers direction, and orthotropic moisture diffusivity on the moisture content of CLT layers.

In Chapter 3, simulation of moisture-induced stresses in CLT is described. After validation, the
model is developed to select CLT panels with high and low moisture gradients at their glue lines.
Then, failure analysis is performed on selected CLT panels to determine their moisture
performance, and some parametric studies are conducted to explore the influence of adhesive

properties (moisture diffusivity and elasticity) on CLT panels' moisture-induced stresses.

In Chapter 4, the described model in Chapter 3 is employed for simulating the moisture-induced
deformation of CLT panels. Two parametric studies discuss the effect of adhesives on moisture-

induced deformation.

1.5 Limitations

This study has the following limitations:

e The temperature is kept constant at T=20°C. Thus, the influence of temperature on moisture

content and material properties has not been included in this thesis.

e A complete structure of CLT panels with several wooden planks in each layer was ignored

in this study.

o The annual ring orientation is assumed constant, and different ring orientations are outside

the scope of this study.



2 Moisture transport in CLT

2.1 Introduction

Wood is a porous material that absorbs moisture from the ambient air and swells when the
environment's relative humidity (RH) increases. With a decrease in RH, wood loses moisture and
contract. From a mechanical perspective, permanent deformation or damage may occur if changes
in RH and temperature are significant or frequent enough [30], [31]. Modeling moisture transport
in CLT panels is the first step in analyzing the stresses and deformations of these materials and

their structural integrity under cyclic environmental loads.

One of the challenges in modeling the moisture transport and predicting the moisture profile in
CLT panels is considering the significant effect of glue lines on the diffusion path. This is of
paramount importance when the physical properties, such as diffusion coefficient, change with the
moisture content of the material at each point with time. As water diffuses through different wood
layers, the glue lines may act as barriers and potential locations for moistening [19], [26]. Hence,
the presence of an adhesive layer and its thickness should be considered in modeling the moisture

profile of CLT under the humidity gradient.

2.2 Definitions

This section defines the parameters considered for modeling moisture transport within the

context of this thesis.

2.2.1 Equilibrium Moisture Content

Equilibrium moisture content definition (EMC) is the moisture level where the wood neither gains
nor loses moisture since it is at equilibrium with the relative humidity and temperature of the
surrounding environment [32]. This balance is crucial because wood continues to absorb and
release moisture as the RH changes over time. To determine the EMC of the materials, moisture
absorption isotherms are employed. Such isotherms are measured in a climate chamber with a

constant temperature [27], [33]-[39]. The specimens are weighed when the mass is in equilibrium



with the chamber climate for various RH. Then, EMC can be reported when the two measurements

differ less than 0.1%, according to the standard DIN 52183 [40].

For spruce, Gereke [27] conducted sorption measurements on 20mm X 20mm X 15mm wood
specimens with a bulk density of p, = 450 kg/m3 at a constant temperature of 20°C in a climate
chamber. The measurements were performed at five relative humidity levels: 25%, 45%, 65%,
85%, and 93%. The results of such measurements were summarized in Fig 2.1. These results were
used in determining moisture concentration (c¢) as the second parameter in simulating moisture

diffusion profile in cross sections of laminated composite panels.

3 0 [ T KB T i | T T | 3 g | T ]

— spruce (Egs 2.1 and 2.2)
- -~ Adhesive [40]
0 Spruce (experiment [28])

EMC (%)
T
[

10 9

Fig 2.1: Sorption isotherm for spruce (solid line) and PUR adhesive (dashed line) at 20 °C.

2.2.2 Moisture concentration

Moisture concentration (c), is defined as the amount of water per unit volume in wood and is an
essential parameter in moisture transport studies. Knowing EMC, the ¢ can be calculated using Eq

2.1.

Po
3 04) —— Eq2.1
c(kg/m)—EMC(/o).lOO q

For modeling purposes, a wide range of data for ¢ values is needed. Therefore, sorption theories
are applied to determine c. There are several theories to calculate ¢ without performing
experimental studies [8]. Siau and Simpson [8], [41] introduced a fifth-degree polynomial function
(Eq 2.2) that gives the best fit to the experimental data.
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c(@,po) = 10(fo + frp + fapo + f30P0 + fa0® + fs0?po + fe@>+f290°po +
fa@* + fo*po + fro®® + f119°Po)

Eq2.2

where ¢ is the relative humidity (%) and p, is the bulk material density (kg/m3). The coefficients

(fi) are fitting factors listed in Table 2.1 for spruce.

Table 2.1: Values of fi coefficients in the fifth-degree polynomial function for calculating moisture concentration
(¢) in spruce /8], [41].

Coefficients fo fi /o S3 f I
Value [-] -4.169.10* 2.696 -1.501.10¢ 6.714.102 -18.438 -0.294

Coefficients fs 17 fs fo J10 fu
Value [-] 45.036 0.715 -47.823 -0.797 18.515 0.338

Eq 2.2 does not need the EMC value to calculate the moisture concentration, c. Knowing the
relative humidity and bulk density, the moisture concentration in the material can be estimated
with Eq 2.1. It should be noted that this equation is only valid for spruce with oven-dry densities
between 350 and 550 kg/m3 [41]. Fig 2.2 shows a linear relationship between moisture

concentration and oven-dry density of spruce.

140 T T
wr ++++++++++*++ +++ (p=93%,C=(21.81;)0—0.156)1072
.
~ - wptt Y =
) o ORI B @ =85%,c = (17.66p, — 0.076)102
~ P S e
&D 80 gt = ] -2
& e —— e e @ = 65%,c = (12.50p, — 0.085)10
o
60 .
@ =45%,c = (9.36p, — 0.025)10°2
40 _. V ) B = — - |
— @ =25%,c=(6.77p, — 0.051)10~2
20 L 1 1
350 400 450 500 550

Oven-dry density (kg / m’)

Fig 2.2: Linear relationship between moisture concentration (c¢) and density (p,) of spruce at different relative
humidity levels (@) at constant T = 20°C. Results are generated using Eq 2.2 from reference /4/].

The moisture concentrations were calculated using Eq 2.2 for relative humidity levels ranging from

25% to 93%, considering an average density of p, = 450 kg/m3 for spruce. The moisture

8



concentration values were then converted into equilibrium moisture content values using Eq 2.1.
The sorption isotherm of spruce obtained from Eq 2.1 is presented in Fig 2.1. An excellent fit with
the data determined experimentally by Gereke [27] is noted. The sorption isotherm of the adhesive
material (obtained separately from the literature [42]) was highlighted with a dashed line in Fig
2.1 for comparison purposes. It should be emphasized that the sorption isotherms showed very

distinct behaviors, and the effect of adhesive layers may not be ignored.

2.2.3 Diffusion Coefficient

Diffusion of water refers to the molecular movement of bound water from a high water
concentration region to a low one [43]. The rate at which water moves from one region to another
passes through each unit of cross section per unit of time is termed moisture diffusion coefficient
(D) [44]. The diffusion coefficient is a material property that may change with temperature and
moisture content [8], [11], [19], [23], [45]-[47]. As it is noted in the literature, the diffusion
coefficient of wood (D,,) strongly depends on the moisture content [27]. Fig 2.3 shows diffusion
coefficient of spruce as a function of moisture content (MC), as applied in the present study. The

relationship was plotted according to experimental studies of Siau [41].

MC (%)

Fig 2.3: Variation of diffusion coefficient (D) of spruce with moisture content (MC) reported in Siau /47].

In a separate study, Gereke investigated the relationship between the moisture diffusion coefficient

(D) of spruce, moisture content (MC), and time (¢) based on the experimental data [27]:

Dwmcy = 0.288¢4MC) t>t" [mm?2/h] Eq2.3



t
D,y = 0.288e*(6) (0'551:_* + 0.45) t<t* [mm? /h]

where t* = 1000 hours.

It should be noted that the above relations (Eq 2.3) were concluded from the experimental

measurements on spruce; hence they are only valid for spruce.

The information in experimental studies on the moisture diffusion coefficient of adhesives (Daar)
is very limited. Measuring the diffusion coefficient of adhesives is challenging since the adhesive
foams during the chemical reaction with water [42]. Furthermore, as gluing techniques on layers
of laminated composite panels require a mechanical process like pressuring, the diffusion
coefficient for foamed adhesives (before being used in panels) will be significantly different from
the values of D reported for adhesive materials that are used in the industry (not foamed adhesives)
[42]. Wimmer et al. [42] conducted a comprehensive experimental study on moisture properties
of various adhesives like PUR S309. The sorption isotherm of one-component foamed
polyurethane was shown earlier in Fig 2.1. A value of 4.01 X 1072 m?/s was selected for
diffusion coefficient (Daan) of the intended adhesive at T=20 °C and RH=65% based on Wimmer’s
[42] study. Some studies have assumed different values for D.an. For example, Srpcic et al. [48]
assumed Dudn = Dwooad and Dqan = 0 to determine the moisture profile of spruce CLT. The results

showed that such assumptions do not correspond to the experimental results [27].

Gereke [27] showed that Dgq is a function of moisture concentration according to Eq 2.4 based

on the experimental data.

Aq
Dgaan(c) = Az X po + Az Eq24

where

A; =9.16 X 10713 [m?/s]
A, = 0.51[—]

A; = —2.3 X 10712 [m?/s]

po : Bulk density of adhesive [kg/m?3]
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Fig 2.4 depicts the variation of D4 with adhesive moisture concentration (cqar) according to Eq

24.

50 60 70 80 90 100 110 120 130 140
c(kg/ m3)

Fig 2.4: Variation of adhesive moisture diffusion coefficient (D) with the moisture concentration (c) based on
experimental data and according to Eq 2.4 /27].

Depending on the type of adhesive material being used, various values for MC in the middle layer

of composite panels are expected based on the simulation. Therefore, accurate knowledge of the

moisture behavior of adhesive bonds is crucial in simulating moisture diffusion through laminated

composite panels.

2.3 Experiments

The result of an experimental study that was completed by Gereke [27] based on standard DIN EN
ISO 12572 [49] has been used for validation purposes in this thesis. The examined specimen was
a cylindrical three-layered spruce CLT bonded with PUR adhesive, and the thickness of each layer

was 10 mm. Fig 2.5 shows the procedure of measuring MC in the CLT layers.

65% RH specimen

slice 6
Lo Y
insulation ML b §l_%ge_él_ o
slice 3
ice 2
BL bo-ooooo___slice? ]
slice |
40
100% RH distilled ke 2
water
(a) (b) (©)

Fig 2.5: Procedure of the determination of moisture profiles, (a) test set-up, (b) cutting scheme in the cylindrical
sample, (c) splitting into six layers [3].
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In the first step, the specimen was conditioned at RH= 65% until moisture equilibrium was
achieved. Then, the samples were fastened with rubber sleeves on cups filled with distilled water.
The sleeves prevented the edge moisture sorption. A climate gradient of 65-100% RH was applied
by placing the cups in a climate room. After 14, 21, 28, and 170 days, two rectangular samples
with a dimension of 40mm % 80mm were cut from the center of the specimen. Afterward, the layers
were sliced to 5 mm thickness (see Fig 2.5). The MC of each 5 mm slice was determined by drying.
The moisture content of layers’ slices was reported as the MC of the outer and middle layers,

according to Fig 2.6.

30
o D Time, 1 (d): o 14 021
25 1 T
< O A28 O170
—_ Top layer
= 20
=) A 1A ~ oiue line 2
~— v [N AN v oY Y=
N
o 15
172)
2 o oA o gltie line 1
:g‘:) 10 Middle layer
=
= oa o
|
5 ‘ ‘
¢ O
Bottom layer | | | | |

12 14 16 18 20 22 24 26 28 30

Fig 2.6: Measured moisture contents over the CLT panel thickness for 35% humidity difference /27].

2.4 Numerical modeling

This section presents a modeling approach for simulating the moisture transport in the
experimental study described in Section 2.3. The simulation results are compared with the testing
data and numerical predictions of Gereke [40]. The developed model is then employed for various

parametric studies in Section 2.5.

2.4.1 Material

According to Section 2.3, spruce and PUR are used as the wood and adhesive layers, respectively.

Table 2.2 lists values for EMC (%), ¢ (kg/m3), and D (m?/s) of these materials.
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Table 2.2: Summary of Equilibrium Moisture Content (EMC), Moisture Concentration (c), and Moisture Diffusion
Coefficient (D) values for spruce and PUR adhesive, at T=20 °C and RH=65%.

Density EMC C100" Ces D
Material 5
(kg/m?) (%) (kg/m?) (kg/m?) (m?/s)
spruce [27] 450 28.91 130.09 56.7 1.38 x 10710
adhesive (PUR S309) [42] 1000 3.36 33.6 22.2 4,01 x 10712

* €100 refers to moisture concentration at RH=100%

2.4.2 Method

To simulate moisture transport through layered composites, a multi-Fickian diffusion model [50]
is adopted. For this purpose, the theory of thermal-moisture analogy is used to define materials'
properties. After setting up thermal and moisture differential equations, the equivalent parameters
of the moisture transfer equation (EMC, ¢, and D) were determined following the approach

described in Section 2.4.2.1.

To assess the long-term effect of moisture exposure on moisture diffusion, the Transient
Thermal solver of ANSYS was employed to estimate the moisture profile of the CLT panel. The
purpose of a Transient Analysis is to determine the behavior of a model subjected to time-varying
excitation. The moisture exchange between the ambient air and the surface of the model is

described by Fick’s first law, termed moisture flux, as Eq 2.5.

q = h(cqg —c) Eq2:3

where c,[kg/m3] and ¢, [kg/m?3] are the equilibrium moisture concentration of the ambient air
and wood surface, respectively. q[kg/m?s] is the moisture flux. / is a coefficient that represents
the rate of moisture flux. There are several approaches to defining 4. In previous studies, the
moisture flux was estimated using the surface emission coefficient (e.g. [27], [41], [51], [52]) or
film boundary coefficient (e.g. [14], [53]). However, determining the coefficient 4 is complex.
Siau and Avramidis [51] believed that the theories to estimate the surface emission coefficient
might not be applicable to dry hygroscopic materials such as wood at lower moisture content. In
some other studies, the drying rate of the sample was used as the moisture flux (e.g. [54], [55]).
The same function can be obtained from the moisture adsorption curve of materials [56]. Unlike

previous studies, the moisture adsorption curve of the selected materials was used instead of
13



employing the surface emission coefficient to estimate moisture flux at the surfaces. Fig 2.7

displays the moisture adsorption curve of spruce for 35% humidity difference.

140 T T

—_ —_
> (=3 o]
(=} (=} f=1
T T T
1 L 1

c (kg/m3)
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40 | I | | | I
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Time (h)

Fig 2.7: Moisture adsorption of spruce under the applied conditions (RH=65% to 100%) /27].

Fig 2.8 displays the geometry and boundary condition of the model. A 65%-100% humidity
difference for 14 days is applied to the model. The moisture concentration was calculated for the
boundary conditions according to the thermal-moisture analogy (see Section 2.4.2.1). Moisture
adsorption curves (obtained from the experimental studies) are employed as the moisture flux for

14 days of moisture exposure, based on Fig 2.7.

Adhesive
0.1 mm

RH=100%

¢ [kg/m®)

L t [s]

Hydro loads

40mm

Fig 2.8: 3D model of three-layered composite panel bonded by two thin adhesive layers and the prescribed
boundary condition.
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2.4.2.1 Thermal moisture analogy

ANSYS Workbench© is used for the 3D modeling of moisture transfer in this thesis. Since
ANSYS Mechanical solver does not offer mass transfer (e.g. moisture transfer), the thermal

moisture analogy is required to simulate moisture transfer through ANSYS.

The conduction heat transfer can be described for isotropic materials by Fourier’s law [57]:

q=—-kVT Eq2.6
where
T is temperature [K],
g is heat flux [Wm™2],
V is the gradient operator,
k is the thermal conductivity [Wm™1K1].

In the case of no internal heat generation, the energy (thermal) balance leads to the governing

equation for heat transfer as in Eq 3.14:
oT
pCpE+v,q=o Eq2.7
where
p is the density [kg m™3],
C, is the specific heat [] kg™ K~'].

Assuming that thermal conductivity is uniform (i.e. Vk = 0), combining Eq 2.6 and Eq 2.7

results in the heat conduction equation (Eq 2.8):

—=a V2T Eq2.8
at

where

a is the thermal diffusivity [m?/s] defined as @ = k/(pC,).

15



Moisture diffusion can be described for isotropic materials by Fick’s first law [50] according to

Eq2.9:

] =-DVc Eq2.9

where
J is the moisture flux [kg/m?s];
¢ is the moisture concentration [kg /m?3];

D is the moisture diffusion coefficient [m?/s].
In the case of no internal moisture generation, the governing equation of moisture diffusion
becomes:

dc
—4+V.]J=0 Eq2.10
o TV

With an assumption of uniform moisture diffusion, combining Eq 2.9 and Eq 2.10 leads to the
following moisture diffusion equation (Eq 2.11):

—=DV?c¢ Eq2.11
at

By inspecting the above equations, one can see that Fourier’s mathematical expression (Eq 2.6)
for heat conduction is very similar to Fick’s second law (Eq 2.9). Hence, a diffusion problem can
be analyzed using a typical heat transfer analysis in any finite element analysis (FEA) commercial

software (e.g. ANSYS).

The comparison of Eq 2.8 and Eq 2.11 establishes the thermal-moisture analogy. A direct analogy

between the two governing equations can be expressed as:
T (Temperature) = ¢ (Concentration)
a (Thermal diffusion coefficient) = D (Moisture diffusion coefficient)

It should be noted that the analogy is written in the through-thickness direction of the material.
The assumptions for deriving Eq 2.8 and Eq 2.11 were based on utilizing uniform conductivity
and diffusivity. Consequently, this analogy is valid only when the thermal and moisture diffusivity
is uniform within a hygroscopic material. This point implies that the hygroscopic material has to

be homogeneous, and its temperature field must also be uniform at a given time [58].
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The ambient temperature and relative humidity are assumed to be constant during the moisture
exposure period (T= 20 °C and RH=65%). Moreover, materials are supposed to be homogenous
(i.e. their conductivity and diffusivity are uniform across the materials). As a result, both
assumptions for using the thermal-moisture analogy have been satisfied. Table 2.3 describes the

parameters used in the thermal-moisture analogy employed in this thesis.

Table 2.3: FEA Thermal-Moisture Analogy parameters [56].

Thermal Analysis Moisture Analysis
Field Variable (Temperature) Field Variable (Water Concentration)
Density (p [kg /m3]) Density (1 [kg /m3])
Conductivity (k [W /mK]) D X cgqtlkg /m.s]
Specific Heat Capacity (C,[//kg.K]) Csqr kg /m3]

2.4.3 Results

The results of the numerical model developed in ANSYS© provide the estimated moisture profile
of CLT panels considering their glue lines. The numerical simulation of MC in spruce CLT is
shown in Fig 2.9. The result is in good agreement with the experiment and numerical studies

completed by Gereke [27].

I I I
- - =Numerical model of Gereke [28]
Numerical model of this study
25 o Measurement data [28] H
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12 14 16 18 20 22 24 26 28 30

Moisture Content (%)

Fig 2.9: Moisture profile of spruce CLT panel obtained from numerical modeling and measurement data.
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By comparing the simulation results with measurement data, it can be determined that using the
moisture adsorption curve of the material as a boundary condition produces a moisture profile that

is acceptable for transient analysis.
2.4.4 Verification

The simulations result from ANSYS were compared with 1-D analytical calculation using the heat
transfer governing differential equations (Eq 2.8) to verify the applied analogy theory. Moisture
concentration, c(x,#), at each point (x) depends on the sample’s thickness and moisture exposure
time () based on the governing differential equation. A set of initial conditions (I.C) and boundary
conditions (B.C) are required to solve the governing equation. Fig 2.10 illustrates the selected
boundary conditions in the model. As in Gereke’s experiments [27], the samples were placed at
ambient with RH=65%, and the initial concentration was assumed to be ¢ = 56.7 kg/m3 (i.e.
RH=65%). The moisture concentration of spruce as a function of thickness (x) and time (#) can be

determined by solving the equation below:

oT thermal—moisture analogy dZC dc
—=aV?T D.E:a=———=0 Eq2.12
Jt dx? 0t

where «a is equal to:

i Eq2.13
aQ=— q2.
PGy
Considering k, p and C,, from Table 2.3 for spruce, a becomes:
1.79 x 1078
= =1. —-10 2¢o-1 Eq 2.14
& =T 72009 1.38 X 107 *°[m*s™*]
The initial and boundary conditions for solving Eq 2.12 is as below:
1.C : {co =c(x,0) =56.7 kg/m3
_ 3

c(0,t) = 130.09kg/m Eq2.15

B.C :
c(0.03,t) = 56.7kg/m3
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Fig 2.10: The boundary condition of the 1-D model considered for verification purposes.

The solution of Eq 2.8 can be written as:

[ee]
c(x,t) = Z B, sin(nmx)e ' m’t
n=1

where

B, =2 jlsin(nnx)f(x)dx
0

Eq2.16

Eq2.17

and f(x) is a function that shows the initial condition according to Eq 2.15. Replacing the initial

condition according to Eq 2.15 in the Eq 2.17, results in B,, be equal to:

1
B, = ZCof sin(nmx)dx
0

Calculating the integrals in Eq 2.18 gives:

cos(nm) — 1 2¢ " 0 n even
By =-2co— ——=-—((D"-D= 4co odd
nm

In other words:

4c,

Byn =0 , By =m
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Hence, a solution can be obtained as:

o)

4cy
6 t) = et (o= e)—> )

n=1

sin(2n — 1)mx
(2n—-1)

exp (—a(2n — 1)%n?t) Eq221

where c¢; is the surface moisture concentration. For an exterior surface (x=0) exposed to

RH=100%, ¢; = ¢(0,t) = 130.09 kg/m3 and for an interior surface (x=0.03 m) exposed to
RH=65%, ¢; = ¢(0.03,t) = 56.7 kg/m3.

Cingtial = 56.7 kg /m®
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Fig 2.11: Schematic 1-D discretization in the analytical calculation of moisture diffusion problem.

MATLABO software was used to perform the analytical calculations with Euler's method for 1
hour to 14 days of moisture exposure. Fig 2.11 shows the schematic discretization used in 1-D
analytical approach. Comparing the analytical results with the numerical simulations in Fig 2.12

verifies the accuracy of the numerical model for moisture diffusion problems.
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Fig 2.12: Moisture profile of spruce obtained from 1-D analytical calculation (lines) and numerical predictions
(circles) for 14 days of moisture exposure.

2.4.5 Sensitivity analysis

A mesh sensitivity analysis was conducted with three different mesh sizes (see Table 2.4) to
determine the correct element size for numerical results, and the results are presented in Fig 2.13.
Based on the convergence study, Mesh 3 was selected for the case studies considered in the rest

of this paper.

Table 2.4: Summary of the three different mesh sizes considered in the convergence study.

Mesh 1 Mesh 2 Mesh 3
Number of elements 951 5121 12960
Number of nodes 160 1024 57173
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Fig 2.13: Moisture profile of spruce CLT panels after 14 days of moisture exposure using different mesh sizes:
Panel is discretized with three mesh sizes (Mesh 1, Mesh 2, and Mesh 3) according to Table 2.4.

To determine the appropriate time step size in the FE analysis, the effect of the selected time step

size on the predicted moisture profile is examined with Mesh 3. Three different time steps equal

to 1000, 12096, and 120960 seconds are set in transient analysis of CLT panel exposed to moisture

for 14 days (1209600 seconds). Fig 2.14 demonstrate that 1000 seconds is small enough to capture

the converged moisture profile.
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Fig 2.14: Moisture profile of spruce CLT panels after 14 days (or 1209600 seconds) moisture exposure using
Mesh 3 with three different time step sizes: 1000, 12096, and 120960 seconds.
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2.5 Parametric studies

The model was validated in Section 2.4.3. Thus, it can be employed to investigate the influence of
different parameters on the moisture profile of CLT panels. Section 2.5.1 examines the accuracy
of the previous research assumptions compared to the assumptions considered in this study. A
parametric study is then conducted to examine the effect of boundary conditions on panel surfaces
in terms of transient moisture load in Section 2.5.2. A combination of different wood species with
PUR adhesive is modeled in Section 2.5.3 to check the effect of wood layers' diffusivity on the

moisture profile of CLT.

The application of wood species for outer and middle layers of CLTs and different types of
adhesive material are discussed in Sections 2.5.4 and 2.5.6, respectively, to investigate the
moisture profile of CLTs with different wood species and different glue layers. The moisture
exposure duration effect on MC is discussed in Section 2.5.7. Finally, the influence of orthotropic
moisture diffusion coefficients and layers direction of CLTs on the moisture profile is presented

in Section 2.5.8.

2.5.1 Influence of adhesive’s diffusivity on moisture profile of CLT

In Section 2.2.3, the dependency of the material’s diffusivity to moisture content (MC) and the
moisture exposure time (f) was shown. Although previous research has shown that D varies with
MC, conducting experimental studies to determine the exact variation of D with MC is quite
challenging [2], [59]. One approach to address this challenge is defining mathematical relations to
calculate moisture diffusion as a function of MC and ¢. However, this method is also based on
experimental data. Therefore, previous research finding a unified way to simulate the moisture
profile of composite materials without considering the variation of D is essential. For this purpose,
two constant values for D.q» were estimated in some literature for adhesives [6], [27]. These
constant values are approximately 500 to 50 times smaller than the diffusion coefficient of the
wooden layers of CLT. In this section, a parametric study is completed to show the accuracy of

the previous assumption according to Table 2.5 in calculating the moisture profile of CLTs.
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Table 2.5: Values of parameters of glue layers for moisture diffusion analysis of spruce CLT panel as the input data

of ANSYS.
Density Diffusion Spé(;lf;(;il;leat Conductivity
Case studies [Table 2.3] coefficient [12‘2] Y [Table 2.3]
(kg/mS) (m?/s) (J/kg.K) (W/m.K)
) Dadnesive = 5= Dspruce [27] 1 2.76 x 10712 33.6 9.27 x 1071
1 _ _
B) Daanesive = %DSpruce [27] 1 2.76 x 10713 33.6 3.59 x 10711
o) Daan [42] 1 4,01 x 10712 33.6 1.34 x 10710

Fig 2.15 shows the predicted moisture profile of the spruce CLT panel for three values of Daan
(see Table 2.5) once the panel is exposed to RH=65%-100% for 14 days. The obtained results
proved that considering D.u» according to Case A and Case B based on previous research
assumptions does not result in a moisture profile with a good match compared to Case C and

measurement data.

I
---Case A

—Case C M
o Measurement data [28]

Thickness (cm)
o
T

12 14 16 18 20 22
Moisture Content (%)

30

Fig 2.15: Moisture profile of spruce CLT exposed to 14 days moisture exposure considering various cases
for moisture diffusion of glue lines according to Table 2.5.
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2.5.2 Influence of boundary condition on moisture profile of CLT

In addition to glues' diffusivity effects, five additional cases were considered for both linear and
nonlinear boundary conditions as the moisture flux in the Transient Analysis, based on the
discussed method in Section 2.4.2. In the linear boundary condition, two values of ¢ were
calculated for RH=65% and RH=100%. Then, a linear boundary condition using the two ¢ values
was assigned to the interior surface of the model (see Fig 2.8). In the nonlinear boundary condition,
the moisture adsorption curve is applied to the interior surface of the panel. Table 2.6 summarizes
studied cases to investigate the effect of boundary conditions. Case 1 shows the moisture profile
of the selected panel when Dgpuce depends on moisture content, and Duq, remained constant under
14 days linear boundary condition. In Case 2, D of the selected CLT panel changes with the
fluctuating moisture content under a 14-day linear boundary condition. Cases 3 and 4 are the same
as Cases | and 2, respectively, but under nonlinear boundary conditions for a 14-day moisture
exposure (see Fig 2.7). In Case 5, both Dgpruce and Dyan remained constant, while the nonlinear

boundary condition was used according to Fig 2.7.

Table 2.6: Case studies for boundary conditions’ effect on the moisture profile of spruce CLT panel.

Diffusion coefficient of Diffusion coefficient of Boundary condition

Case studies spruce layers adhesive (kg/m?)
(m?/s) (m?/s)
Depends on moisture content 4,01 x 10712
Case 1 Linear
(Eq2.3) [42]
Depends on moisture content ~ Depends on moisture content
Case 2 Linear
(Eq2.3) (Eq. 4)
Depends on moisture content 4,01 x 10712 Nonlinear
Case 3
(Eq2.3) [42] (Fig 2.7)
Depends on moisture content ~ Depends on moisture content Nonlinear
Case 4
(Eq2.3) (Eq2.4) (Fig 2.7)
2.76 x 10712 4.01 x 10712 Nonlinear
Case 5
[27] [42] (Fig 2.7)

Fig 2.16 demonstrates that Case 4 resulted in an acceptable moisture profile compared to

experimental data. However, in the lack of experimental data for D variation with MC, a constant
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value for D may be a reasonable estimate for comparison purposes. Therefore, Case 5 was selected
as a benchmark case to develop a model for other composites. This parametric study aimed to
investigate the errors in the moisture profile when the moisture adsorption curve was not applied
as the boundary condition. The result showed that although using a linear boundary condition can
qualitatively predict the moisture content in CLT panels, the moisture adsorption curve resulted in
more accurate moisture content predictions. Hence, the constant moisture diffusion coefficient,
along with the moisture adsorption curve as the imposed boundary condition, are selected for
further parametric studies. It should be noted that this approach does not require moisture-
dependent diffusion properties. Fig 2.17 compares the moisture profile of spruce CLT for Cases 1
and 2 (under linear boundary condition) and Cases 3 and 4 (under nonlinear boundary condition)
with the benchmark case study (Case 5) to better understand the effect of boundary conditions on

the moisture profile of CLT.

3 T T
----- Case 1
.......... Case 2
251 ——Case 3 7
---Case4
Case 5
2 2 © Measurement data [28]] |
1]
2 L _
£ 1.5
2
=
=
0.5 ]
0 | | | | |
12 14 16 18 20 22 30

Moisture Content (%)

Fig 2.16: Results of case studies selected in numerical modeling of spruce CLT after 14 days of moisture exposure
according to Table 2.6.
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Fig 2.17: Moisture profile of spruce CLT panel for 14 days moisture exposure in the selected case studies according
to Table 2.6. CLT is under: (a) linear boundary condition, (b) nonlinear boundary condition.

2.5.3 Influence of wood layers’ diffusivity on moisture profile of CLT

Based on literature data, pine, balsa, and bamboo were selected to study the effects of wood species
on laminated composite moisture profiles. The properties of these selected species are listed in
Table 2.7, and their moisture adsorption curves are shown in Fig 2.18. The corresponding input
values of these materials according to the thermal moisture analogy in ANSYS are listed in Table

2.8.

Table 2.7: Summary of Equilibrium Moisture Content (EMC), Moisture Concentration (c), and Moisture Diffusion
Coefficient (D) values for spruce, pine, balsa, and bamboo.

Material Density EMC C100" Cos D
(kg/m®) (%) (kg/m?) (kg/m?) (m?/s)
spruce [27] 450 28.91 130.09 56.7 1.38 x 10710
pine [36], [38] 509 22.06 112.28 56.04 1.379 x 107°
balsa [34], [35], [39] 174 - 64.23 18.63 2.62x 107
1160 - 87.54 51.3 2.96 x 10711

bamboo [7-10]
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Fig 2.18: Moisture adsorption of spruce, pine, balsa, and bamboo under the boundary condition (RH=65% to 100%)
extracted from the literature.
The result of moisture diffusion across the cross-section of the studied panels is shown in Fig 2.19.
The top layer of panels was exposed to RH=65%, and the bottom layer was exposed to RH=100%
for 14 days (336 h). Varying boundary conditions were imposed on the model according to the
moisture adsorption curves of the selected materials (see Fig 2.18). The results show that moisture
diffuses differently in various species based on their distinct cellular microstructures and hence
their composites. When Dq, is smaller than the diffusion coefficient of the main layers, the
moisture gradient between composite layers is significant (e.g. balsa composite). The moisture

gradient becomes small when D.as is close to D of the main layers' materials.

28



Table 2.8: Materials properties obtained from the thermal moisture analogy as the input data of ANSYS. (See
Tables Table 2.2 and Table 2.7).

. Moisture
Moisture concentration on
Density Conductivit Specific Heat Diffusion concentration on the rieht side
(kg/m3) W /m K)y Capacity coefficient the left side (Fig 6)
' (/kg.K) (m?/s) (Fig 6) e
(kg/m3) (kg/m?)
spruce 1 1.79 x 1078 130.09 2.76 x 10712 130.09 56.7
Softwood
pine 1 1.54 x 1077 112.28 2.74 x 10711 112.28 56.04
balsa 1 1.26 x 107 48.37 5.24 x 1078 48.37 26.67
Hardwood
bamboo 1 6.16 x 107° 208.22 5.92 x 10713 208.22 106.14
Adhesive
PUR 1 1.34 x 10710 33.6 4.01x 10712 - -
(foamed)
3 T ] I
i !
' i
251 : i .
2 - b L i'_ -------------- —
815f 5 .
E i
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Fig 2.19: Moisture profile of laminated spruce, pine, balsa, and bamboo panels exposed to a humidity difference of
35% for 14 days. Material properties are listed in Table 2.7.

2.5.4 Influence of types of adhesives on moisture profile of CLT

In addition to the physical properties of the main layers' materials (i.e. D), adhesive properties also
play a significant role in the moisture profile of CLTs. Fig 2.20 shows the moisture content
variation in the cross-section of the thin adhesive layer in a three-layered spruce composite. Thus,

it is expected changing the type of adhesive would change the moisture profile of CLT. First, the
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model's sensitivity to the number of mesh elements in adhesive layers was examined. 1 and 3
number of elements were used per adhesive layer with a thickness of 0.1 mm. Once three elements
were applied to adhesive layers, moisture content was affected by less than 0.006% (see Fig 2.20
(b)). As a result, the moisture profile of CLTs with thin adhesive layers is not influenced by the
number of adhesive layers, and one element for adhesive layers was used for the rest of the

modeling.

According to Section 2.5.3, bamboo CLTs result in a smoother moisture profile than other studied
panels. This section uses a combination of bamboo with three different adhesive types (PUR, PRF,

and PV Ac) to investigate the adhesive type effect on the moisture profile of CLT.

Moisture content (%) 1 hour 1 day 14 days Glue Line

28.9

27.09
25.28
23.47
21.66
19.84
18.03
16.22
14.41
12.6

(a)

\ - - -1 mesh element
3 mesh elements
250 \ 8

Thickness (cm)
&
T
L

—————

| |
12 14 16 18 20 22 24 26 28 30
Moisture Content (%)

(b)

Fig 2.20: Moisture profile in three-layered spruce composite under 14 days moisture exposure, (a) moisture content
variation in the cross-section of the adhesive layer, (b) model's sensitivity to the number of mesh elements
in adhesive layers
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Table 2.9 provides the moisture diffusivity of selected adhesive materials used in this section. Fig
2.21 indicates that using an adhesive with higher moisture diffusivity (PVAc) shows a lower
moisture gradient at the glue lines. However, the resulting moisture content in the middle layer is

a bit higher than other CLTs’ moisture content.

Table 2.9: Moisture diffusivity of PVAc, PUR, and PRF adhesives /42].

Material D (m?/s)
PVAc 17.8 x 10712
PUR 4.01 x 10712
PRF 0.58 x 10712
3 T T T T
|——bamboo-PUR
a5l |~——Dbamboo-PRF | |
: |——bamboo-PVAc
2
2
é 1.5+
-
2
= 1
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. & t I\l/foisture %3 ontent (‘}?{b i - 17

Fig 2.21: Type of adhesive effect on the moisture profile of bamboo CLT panels bonded with different adhesives
(PUR, PRF, and PV Ac) after 14 days of moisture exposure.

2.5.5 Influence of panel dimension on moisture profile of CLT

The described model in Section 2.4 was a small CLT three-layered spruce CLT
(40mm>80mm>30mm). This section aims to show the panel dimension effect on the moisture
profile. For this purpose, the validated model in Section 2.4.2 is developed for a large spruce CLT
wall panel with a 2600mm>1500mmx*30mm dimension. For comparison purposes, the panel's
thickness remained constant as in the previous model. The result shows that the panel dimension
does not influence the moisture profile. Because the moisture transfers in the cross-section of CLT

panels (see Fig 2.22) and the required parameters in the thickness of the studied panels are the
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same. So, the result of the moisture profile for both small and large panels is the same. However,

changing the thickness of CLT panels will change the moisture profile of CLTs.
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Fig 2.22: Moisture profile of small and large panels under 35% humidity difference for 14 days of moisture
exposure.

2.5.6 Influence of different wood species on the moisture profile of CLT

The moisture transport in CLT panels with three different material layups was investigated to
understand the layup effect. The material for the middle layer differed from the face layers;
bamboo-pine-bamboo, spruce-balsa-spruce, and pine-balsa-pine were selected as three distinct
layups with more porous middle layers. Layers are glued with PUR adhesive. Fig 2.23 shows the
predicted moisture profile after 14 days of moisture exposure. Middle layers made from different
materials had very distinct profiles, particularly in the middle. Results demonstrate that the higher
diffusivity of the middle layer leads to the higher moisture content in the middle compared to the
face layers. The very high moisture gradient found across the glue lines suggests that different

species should be mixed with care in manufacturing laminated panels.
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Fig 2.23: Layup effect on the moisture profile in three CLT panels with different species (bamboo-pine-bamboo,
spruce-bamboo-pine, and spruce-balsa-pine) after 14 days of moisture exposure.

2.5.7 Influence of moisture exposure duration on moisture profile of CLT

This section discussed the long-term and short-term moisture profiles of CLT panels. For this

purpose, spruce CLT panels glued with three different adhesives are modeled. The time duration

of moisture exposure is considered 1 hour and 28 days. The result indicates the types of adhesives

do not affect the short-term moisture profile of CLT panels. However, spruce-PVAc obtains a

smoother moisture profile for long-term exposure than other modeled CLTs.
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Fig 2.24: Effect of moisture exposure duration on moisture profile of three different spruce CLT panels, (a) 1-hour

moisture exposure, (b) 28 days moisture exposure.
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2.5.8 Influence of orthotropic diffusivity and layers direction on moisture profile of CLT

This section aims to investigate the effect of considering an orthotopic moisture diffusion
coefficient for spruce on the moisture profile of CLT panels. Two different layers arrangement are
considered for this purpose. CLTs with longitudinal directions for outer layers are considered
parallel arrangements, and those with tangential directions are considered perpendicular
arrangements. The detail of the layers' direction and the defined coordinate system are shown in

Fig 2.25. PUR adhesive is used as the glue line material.

Parallel arrangement Perpendicular arrangement

Moisture flow direction

(a) (b)

Fig 2.25: Layers arrangement in CLT panels, (a) parallel arrangement, (b) perpendicular arrangement.

Rosenkilde [62] has reported the moisture diffusion coefficient of spruce materials in three

directions based on the experiment according to Table 2.10.

Table 2.10: Moisture diffusion coefficient of spruce for T=20 °C and RH= 65% /62].

Material D, (m?/s) Dr(m?/s) Dy (m?/s)

spruce 4.843 x 10710 1.968 x 10710 1.38 x 10710
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Fig 2.26: Orthotropic diffusivity effect on moisture profile of spruce CLTs with different layers arrangement, (a)
parallel arrangement, (b) perpendicular arrangement.

Fig 2.26 depicts 3D moisture profile results for spruce CLT panels with a different arrangement

of layers. The results show that using orthotropic moisture diffusivity leads to a higher MC in CLT

layers. However, the difference between results is not significant (4%), so considering moisture

diffusivity in all directions equal to Dy is an acceptable assumption.

In addition, the moisture profile of CLTs with different layer arrangements shows no differences.
Due to the constant condition of the model over the thickness of the panel, the result is as expected.
Fig 2.27 shows the defined paths along the x, y, and z axes of the model. A model is subjected to
two different boundary conditions in the y direction (see Fig 2.27, left) and in both the y and z
directions (see Fig 2.27, right). The MC in the x and z directions does not change when the applied

boundary condition is along the y axis, according to Fig 2.28.
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Fig 2.27: Defined paths inside the CLT panels in x, y, and z directions, (a) applied boundary condition along y axis,
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Fig 2.28: Moisture profile of spruce CLT panel after 14 days moisture exposure in defined x, y, and z directions
(according to Fig 2.27, a), (a) path y, (b) path z, (¢) path x.

However, when an additional boundary condition is applied along the z direction, the MC in the z

direction will be changed, according to Fig 2.29. According to this finding, the boundary condition

at the edge of CLT panels should be considered in moisture transport models.
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2.6 Conclusion

A comprehensive numerical study was conducted to simulate the moisture transport in various
laminated composite panels. The panels were exposed to a relative humidity of 65% and 100% (on
each side of the panel) for 14 days. The moisture adsorption curve of the material was prescribed
as the boundary condition to conduct transient analysis. The result was verified by comparing it to
previous experiments. It should be noted that since moisture adsorption and desorption curves of
materials are not identical, further studies to investigate the effect of using the desorption curve as
the prescribed boundary condition in the model are required for simulating cyclic scenarios.
Although the previous studies showed that moisture diffusivity varies with the material’s moisture

content, this study demonstrated that such variation might not significantly affect the composite
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panels' moisture profile. The generated moisture gradient at the glue lines might cause this due to

the adhesive diffusivity.

Several parametric studies were completed to investigate how the moisture profile of CLT panels
is affected by various parameters. The results showed that the assumption of previous research in
considering Dgqn approximately 500 to 50 times smaller than the diffusion coefficient of the
wooden layers did not result in a good fit with experiments. The influence of adhesive types on
moisture profiles proved that although variation of Dua, with moisture did not affect the results
significantly, the magnitude of D (compared to D of wood or bamboo) was identified to be a
crucial parameter contributing to the moisture profile and the generated moisture gradient across
the glue lines in CLT panels. When D.q; was smaller than the layers' D, the moisture gradient
across the panel thickness was significant (e.g. in balsa composite). This matter led to large
moisture gradients between layers. When Duan was close to the main layers' D, the moisture
gradient was found to be negligible, and a more uniform moisture profile was achieved. It could
be concluded that depending on the selected wood or bamboo species, the proper choice of
adhesive for manufacturing laminated panels can affect the moisture gradient across the glue lines
later in the product’s service life. However, it led to higher MC in the middle layer of CLT. When
CLT panels are exposed to long-term moisture exposure, adhesive types can influence their
moisture profiles. Also, the layup effect study indicated that the higher diffusivity of the middle
layer leads to higher moisture content in this layer compared to face layers. The high moisture
gradient noted across the glue lines suggests that different species should be mixed with care in
manufacturing laminated panels. The 3D modeling of moisture transport in CLT panels revealed
that using the tangential diffusivity for all directions is an acceptable assumption for moisture
diffusion problems. This is consistent with similar assumptions made in [26]. Furthermore, the
layer arrangements of CLT panels would affect the resulting MC under different boundary

conditions.
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3 Moisture-induced stresses in CLT

3.1 Introduction

Moisture-induced stresses generate once CLTs are exposed to fluctuating humidity. These stresses
would lead to an expansion or a contraction depending on the CLT's moisture content compared
to the ambient condition. Stresses perpendicular to the grain direction of wood are important as
wood has a low tensile strength in this direction. This chapter presents the previous experimental
study in measuring the moisture-induced stress perpendicular to the grain in the outer layer of
CLT. The numerical model of the same specimen was developed, and the simulation result was
compared with testing data to verify the model. After that, the model was developed for the other
combination of CLTs (wood layers and adhesive) to perform parametric studies. Finally, a
parametric study was completed to determine how adhesive properties (diffusivity and modulus of

elasticity) influence stresses perpendicular to the grain direction of CLT.

3.2 Experiments

The results of an experimental study completed by Gereke [28] have been used in this study.
Gereke measured the moisture-induced stresses in a three-layered spruce CLT glued by 1K PUR
adhesive for a 50% relative humidity difference. Firstly, the specimen was conditioned at RH=35%
for three days to reach a mass equilibrium. Afterward, it was transferred into a room with
RH=85%. The measured moisture content of the outer and middle layers on different days has

been reported in Table 3.1.

Table 3.1: Moisture content (%) in the outer and middle layers applied in the stress simulations /28].

Time (days)
Layers 0 1 3 5 8 14
Outer layers 10.5 11.7 12.9 13.7 14.7 15.3
Middle layer 10.5 10.7 11.1 11.6 13.1 14.4

Fig 3.1 shows the procedure of the test. The specimen was divided into 200mm X 20mm strips

after conditioning [28].
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Fig 3.1: Procedure to determine the internal stress state of laminated wood panels, (a) removal of the edges, (b)
cutting into strips, (c) release of strain by sawing in the glue lines [28].

The length of the strips was measured (). Afterward, the layers were sliced into individual layers,
and the length of the outer layer was measured as (l;). The mean strain was calculated according
to Eq 3.1, based on [ , [;. The measured mean value for strain perpendicular to the grain (zz strain
component) in the outer layer is reported in Fig 3.2, which is termed in &, in this thesis.

lo—1
-0 1 Eq3.1
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Strain, g, % 107 (-)
0o —
T T
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——

Time, ¢ (d)

Fig 3.2: Mean strains perpendicular to the grain in the outer layers /28/.

An ultrasonic waves device was used to determine the modulus of elasticity in each layer. A
transmitter and receiver were installed on each end of the slices, and the sound running time was

measured over the layer length. Then, the layer elasticity was calculated through Eq 3.2.
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where C [m/s] is the measured sound velocity and p[kg/m?] is the spruce density. The measured

modulus of elasticity for the outer layer is reported in Fig 3.3.
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Fig 3.3: The measured modulus of elasticity in the outer layer of CLT /28].

Finally, having the modulus of elasticity and mean strain, the mean stress perpendicular to grain
was calculated according to Eq 3.3. The measured mean stress at each time duration is reported in

Fig 3.4.
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Fig 3.4: The measured mean stress perpendicular to the grain in the outer layer of spruce CLT /2§].
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3.3 Numerical modeling

3.3.1 Material

According to the experimental study, spruce and 1K PUR adhesive were used in the modeling.
The dependency of elastic coefficients of spruce to moisture content is displayed in Fig 3.5, Fig

3.6, and Fig 3.7.
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Fig 3.5: Modulus of elasticity E;, E; and E of spruce /27].
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Table 3.2 summarizes the required materials’ properties according to boundary conditions
(RH=35% and RH=85%). Konnerth et al. [63] measured the elasticity modulus of 1K PUR using
the tensile test and reported 0.36 GPa, 0.18 GPa, and 0.3 as Young’s modulus, shear modulus, and

Poisson’s ratio, respectively.

Table 3.2: Summary of Equilibrium Moisture Content (EMC), Moisture Concentration (c), and Moisture Diffusion
Coefficient (D) values for spruce and PUR adhesive.

Density EMC Cgs C3s D
(kg/m®) (%) (kg/m?*) (kg/m?®) (m?/s)

Material
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spruce 450 28.91 77.4 35.6 1.38 x 10710

adhesive (PUR) 1000 3.36 33.6 222 4.01 x 10712

3.3.2 Method

Ormarsson [55] defined the total strain rate € with respect to time as the sum of the elastic strain
rate &,;, the moisture-induced strain rate €,,, and the mechano-sorptive strain rate &,,,. This means

that creep strain is not taken into account when the short-term behavior of materials is investigated

[27].
The relationship between load and deformation is described by Hooke’s law according to Eq 3.14:

Replacing diverse modulus of elasticity (E~1) with elastic compliance coefficient (S), Eq 3.14 is

written as Eq 3.5 in the tensor format:

&j = Sijmi o Lk 1=123 Eq3.5

Due to the symmetry of the stress and the strain tensor, only 36 elastic coefficients are independent.
Also, in an orthotropic material, like wood, tensor asymmetry implies that normal stress produces
only normal strains, and shear stresses produce shear strains. Referring to the three principal axes

L,R,and T to the indices 1, 2, and 3, Eq 3.5 may be written in Voigt notation as Eq 3.6:

&l 0 O [JL .I
[SR ] S21 S22 S;3 0 0 0f)op
[ €r | _|s31 s32 s33 0 0 0O | or | Eq3.6
I)/LR |~ 0 0 O s4 0 O |TLR | '
[]/LTJ 0 0 0 0 s55 O lTLTJ

Yrrd L0 0 0 0 0 sgel MTRT

The shear stresses (7) link to shear strains (y) by the shear modulus G. Also, Poisson’s ratio v; .

defines the ratio of the transverse strain &; (normal to the applied load) to the axial strain (in the

direction of the applied load) in uniaxial tension or compression:
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Uij =— Eq3.7

Therefore, the elements of S tensor are defined as below using the elastic constants:

S11=Et Sz2 = Eg* S33 = Eg?
Saa = Gig Sss = Gir Se6 = Grr
S12 = —ULRrS22 S13 = —UrrS33 S23 = —UrrS33
S21 = —URrLS11 S31 = —UrpS11 S32 = —UrRS22

Consequently, S matrix is defined as Eq 3.8:

B —vRERY —vrEF?t 0 0 0
—vg Bt Egt —vprE7l 0 0 0
S= —'UTLEL_l —'UTREgl ET_l 0 0 0
Eq3.8
0 0 0 G 0 0
0 0 0 0 Gt 0
0 0 0 0 0 Gl
Eq 3.14 is only valid if stresses and strains are related to the principal axes L, R, and T.
The elastic strain rate is obtained by differentiation of Eq 3.5 as:
é=S.6+S.0 Eq3.9

The rate of change of S is determined according to Eq 3.10:
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E vg, _ z')ﬂ _ E Erugr _ 0& 0 0 0
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E v v E v v E
$ = L T R R T p Eq3.10
0 0 0 -—=t 0 0
GLR
G
0 0 0 0 = 0
GLR
G
0 0 0 0 0 =
GLR_

The moisture-induced strain is released under the variation of moisture content. Shrinking and
swelling occur as the moisture content of wood changes in response to changes in the relative
humidity of the ambient air. The moisture-induced strain links to moisture content by a coefficient

called swelling or shrinking material parameters («) as Eq 3.11 [64]:

&y =a.W Eq3.11

where « is defined in the orthotropic directions by a;, ay , and a; as below:

S
=~

~N x
—e

R

Eq3.12

o oo

The values of «;, ay,and at are constant. Therefore, the rate of this strain is assumed to depend

on the rate of change in moisture content according to Eq 3.13:

Suppose a wood specimen is under mechanical loading and moistening. In that case, it exhibits
more significant deformation than the sum of the deformation of a loaded specimen under constant

humidity conditions and the deformation of a non-loaded specimen [64]. This phenomenon is
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called the mechano-sorptive effect. Ranta [65] investigated the mechano-sorptive strain rate as Eq

3.14:

€y =M .0 . |W| Eq3.14

m is a mechano-sorption property that is obtained from experimental studies. The present study
assumes that the total strain rate is the sum of the elastic and the moisture-induced strain rate. The
mechano-sorptive strain is omitted from the material model since it is assumed that samples are

not under mechanical loading.

In Fig 3.8, the element mesh, the geometry, and the coordinate system are given. The local
coordinate system employed in the individual layers is rectangular. The longitudinal axis of these
local coordinate systems is aligned parallel to the x-axis in the outer layers and parallel to the z-
axis in the middle layer. The dimension of the tested CLT was 200mm X 200mm X 30mm . Due
to the panel’s double symmetry, one quarter of the panel is modeled. Thus, two planes of symmetry
and appropriate boundary conditions are applied. Considering 0.1 mm thickness for each glue line,

the total dimension of the model will be 100mm X 100mm X 30.2mm.

The moisture content applied to the model's middle and outer layers is obtained from the
experiment. Table 3.1 gives the value of mean moisture content for 0, 1, 3, 5, 8, and 14 days of
moisture exposure duration. Two paths along the z-axis are defined at y = 0 mm and y = 10mm at
the center of the panel (i.e. x=100 mm). The first path is placed at the bottom of the panel, and the

second is situated directly at the glue line in the bottom layer.

Plans of symmetry

u, =0 at (100,y,z)
u, =0 at (x,y,100)
Uy =uUy, =u, =0 at(100,0,100)

30.2 mm

Fig 3.8: Geometry of the model and boundary conditions.
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3.3.3 Results

The predicted stresses over the defined paths in Section 3.3.2 are used to calculate the mean stress
perpendicular to the grain of the outer layer. The average stress in the z-direction along both paths
is reported as the mean stress perpendicular to the grain in the bottom layer. The results of predicted
and measured stresses are shown in Fig 3.9. Gereke [28] modeled the same experiment, and his
modeling results have been added to the result for comparison. Fig 3.4 shows a good agreement

between simulations and measured stresses.

O T T T I I T
— Numerical Model of Gereke [27]
\ = = = Numerical Model of this study

05F \» 0  Measurement data -

2

Stress (N/mm ™)
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O
1
|
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T
|

_25 | | 1 | | 1
0 2 4 6 8 10 12 14
Time (d)

Fig 3.9: Simulated mean stress perpendicular to the grain in the outer layer of spruce CLT.
3.4 Parametric studies

The validated model in Section 3.3.3 can be used to investigate the influence of adhesives'
properties on the stress perpendicular to the grain direction of different CLT panels. In Section
3.4.1, combinations of wood species and adhesive layers are selected to see the effect of different
moisture profiles of CLTs on the stress state. Then, the widely used CLT panels in North American
countries were added to selected materials to compare the result of stresses. In Section 3.4.2,
moisture-induced failure analyses were conducted on various CLTs. Finally, the effect of the
adhesive's diffusivity and elasticity on the stress perpendicular to the grain direction of CLTs was

discussed in Sections 3.4.3 and 3.4.4.
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Tension Perpendicular to grain (MPa)

3.4.1 Influence of moisture profile on the stress of CLT

In Section 2.5.4 , it was shown that adhesives with a higher diffusivity result in a lower moisture
gradient at glue lines. Table 3.3 lists different adhesive materials that are frequently used as wood

adhesives. The higher and lower diffusion coefficient is observed in PV Ac (polyvinyl acetate) and

PRF (phenol-resorcinol-formaldehyde), respectively.

Table 3.3: Moisture diffusion coefficient of various adhesive materials /42/.

Adhesive material D (m?/s)
PVAc 17.8x 10712

PUR S709 49 x 10712
PUR S309 4,01 x 10712
MUF 1.37 x 10712

Fish Glue 0.9 x 10712
PRF 0.58 x 10712

Fig 3.10 indicates the relation between wood species' properties (strength and diffusivity) and their
density. The diffusion coefficient of wood is lower in denser species. On the other hand, the
strength of wood species increases linearly with their density, as shown in Fig 3.10. Oak and pine
with tensile strength perpendicular to the grain direction of 5.5 MPa and 7.5 MPa, respectively,

are selected for this case study.

= data L 3 = T T T

|——linear fit

;
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o data
— linear fit

I L
300 400 500 600 700 800 900 1000
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Fig 3.10: Wood species properties, (a) tensile strength perpendicular to gain versus density, (b) moisture diffusion
coefficient versus density.
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Four combinations of oak and pine wood layers with PVAc and PRF adhesives are selected: pine-
PVAc, pine-PRF, oak-PV Ac, and oak-PRF. Fig 3.11 shows the result of moisture transport in the
cross-section of these CLTs based on Section 2.4.2. The result indicates that a higher moisture
gradient appears at the place of the glue line in the pine-PRF panel compared to other CLTs. The
oak-PV Ac combination resulted in a smoother moisture profile with less moisture gradient at the

glue line.

—oak-PVAc
—oak- PRF

——pine- PVAc
——pine- PRF

n
T
Thickness (cm)
&
T

1 1
0.5+ \ 1 05k
Il Il Il Il Il Il Il Il
0 1 1 1 1

Il
13 14 15 16 17 18 19 20 21 2 23 "o " 1 6 18 20
Moisture Content (%) Moisture Content (%)

Fig 3.11: Moisture profile of four different CLT species, oak-PVAc, oak-PRF, pine-PVAc, and pine-PRF.

To investigate the influence of moisture profile on stress perpendicular to the grain direction of
CLT, a 200mm X 200mm X 30.2mm panel with three support points at (50mm, 0, 100mm),
(150mm, 0, 50mm), and (150mm, 0, 150mm) is simulated over 14 days of moisture exposure. The
initial condition for the simulations is set to RH=65%. The moisture profile simulation is
conducted according to Section 2.4.2, and the stress simulation is completed based on Section
3.3.2. The fiber direction of the outer layers is along the x-direction, and the fiber direction of the

middle layer is along the z-direction.
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at { (150,0,50) - u, = u,=u,=0
(150,0,150)

Hydro loads

Fig 3.12: Geometry of the model and boundary conditions.

The elastic constant of the wood species and glues selected for this study are given in Table 3.4

and Table 3.5, respectively.

Table 3.4: The elastic constants of the selected materials; oak, pine, and spruce.

Moisture Young's modulus (GPa) Shear modulus (GPa) Poisson's ratio (-)
Material content (%)
Er EL Er Grr Grr Gyr VIR VTR Vry,
oak [46], [66] 12 0.56 7.85 1.28 1.29 0.39 0.76 0.37 0.62 0.43
pine [46], [67] 12 0.616 13.5 1.2 0.78 0.079 0.836 0.379 0.334 0.366

spruce [27],
[46]

1 0.397 12.8 0.625 0.617 0.053 0.587 0.018 0.48 0.45

Table 3.5: The elastic constants of the selected adhesives; PVAc, PRF, and PUR /63].

. Young's modulus Shear modulus Poisson's ratio (-)
Material (GPa) (GPa)
PVAc 1.1 0.6 0.34
PRF 3.5 1.2 0.36
PUR 0.36 0.18 0.3

Fig 3.13 shows the mean stress perpendicular to grain direction (a,,) over the thickness of the

selected CLTs. The result indicates that the higher moisture gradient at the place of the glue line

leads to higher stress at the glue lines and vice versa; the lower moisture gradient results in lower

stress at the glue lines. The bottom layer of the pine-PRF panel with higher MC than the middle

layer tends to expand. So, the compression stress occurs at the bottom glue line. On the other hand,
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the upper layer of pine-PRF tends to contract due to lower MC than the middle layer, resulting in

tensile stresses at the upper glue line.
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——pine- PRF | |
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I I 1 I I

S
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Moisture Content (%) Stress (MPa)

(a) (b)

Fig 3.13: (a) moisture profile of oak-PVAc and pine- PRF, (b) Simulated stresses perpendicular to the grain over the
thickness and on the center path of CLT oak-PVAc and pine-PRF.
Two different paths are defined at the center of the panel for the outer layer in y=0 mm and y=10
mm, to study the stress state (0,,) along the outer layer of panel length. The same approach is
followed for the middle layer by defining paths at y=10.1 mm and y=20.1 mm. The mean value of
stress in the z-direction for outer layer paths is reported as the stress perpendicular to the grain
direction of the outer layer. For the middle layer, the stress values in the x-direction are reported.
Fig 3.14 displays the simulated stress perpendicular to grain direction in the middle and outer
layers of oak-PV Ac and pine-PRF panels. As indicated in Fig 3.13, the amount of MC in the middle
and outer layers of the pine-PRF panel is higher than the moisture content in oak-PVAc. Due to
the higher MC, the pine-PRF panel showed higher stress in its middle and outer layers than the
oak-PVAc panel.
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Fig 3.14: Stress perpendicular to grain (o,,) over the length of 0ak-PVAC and pine-PRF, (a) middle layer, (b) outer
layer.

Two extra panels widely used in the construction industry, spruce-PUR and pine-PUR, are added
to the model for comparison purposes. The moisture profile and stress over the thickness of the
studied panels are displayed in Fig 3.15. The results show the significant differences between the
spruce-PUR panel and other CLTs. Because the spruce-PUR panel has a higher MC than other

panels, it experiences a higher stress level.
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Fig 3.15: (a) moisture profile of selected CLTs, (b) Simulated stresses perpendicular to the grain over the thickness
and on the center path of selected CLTs.

3.4.2 Influence of wood strength on CLT failure

The orthotropic properties of wood layers in CLT panels lead to a complex behavior of CLT [68].
Ductile and brittle failure modes can simultaneously occur in wood layers [69]. Understanding this

complex behavior of wood in parallel and perpendicular to the grain directions is paramount to
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having a safe and reliable application of CLT in structural systems. Researchers have proposed
various failure criteria to identify the failure modes. The selected failure criteria for this study are
based on Tsai-Wu [70] model, which is widely used in the timber research community. For a
complete 3D description of wood as an orthotropic material, eight stress-based failure criteria have
been defined, with f, being material strengths in tension (index t), compression (index c), and

shear (index v and roll) in parallel (index 0) and perpendicular (index 90) directions, as below [70]:

e g, = 0 - Criterion I: Failure in tension parallel to grain is a brittle failure mode of wood that is
caused by tensile stresses g; parallel to grain. It is assumed that other stress components do

not influence the tensile strength parallel to grain. The maximum stress criterion is:

gy,
Fio(o)=7—<1 Eq3.15

fro

e 0; <0 -Criterion II: Failure in compression parallel to grain is a ductile failure mode of wood

that is caused by compression stresses oy, parallel to grain. The maximum stress criterion is:

gy,
— <1 Eq3.16

Fc,o(U) =
c,0
The transverse tension modes and shear modes must be combined as splitting parallel to the LR-
plane can be caused by tension perpendicular to grain (mode I), shear (mode II), or a combination
of both (mixed mode). It is not possible to define separate failure modes for each stress component
as degradation of one component also leads to degradation of the other components. This means
that damage due to longitudinal shear also leads to damage in tension perpendicular to grain even
though the actual normal tension stress component perpendicular to grain may still be lower than

the transverse tensile strength.

e ogsr =0 - Criteria Il / IV: Failure in tension perpendicular to grain with splitting in LT and
LR plans, respectively. It is a brittle failure mode of wood that is caused by tensile stresses
og,r in the perpendicular direction, longitudinal shear stresses oy /. in the LT plane or rolling

shear stresses ogzr:

2 2 2
Or/T . OLT/LR URT<1 Eq3.17

ft,290 fvz frzoll B

Ft,90R/T (o) =
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e o,y <0 - Criteria V / VIII: Two failure modes, “pure transverse compression” and “shear”,
both occurring under compression perpendicular to grain, are distinguished. Failure in
compression perpendicular to grain is a ductile failure mode of wood which is caused only by
compression stresses oy 7 in the perpendicular direction. Brittle shear failure can also occur if,
for instance, the compression load is applied with an angle to the grain, creating high shear
stress components. Therefore, also a failure criterion for high shear stresses under simultaneous

compression perpendicular to grain must be introduced:

—OR/T
Feoor/r(0) = f_/ <1 Eq3.18
,90
z 2 Eq3.19
OLT/LR . ORT q
FvR/T(U) = —fvz +f2” <1
0

Based on Section 3.4.1, the spruce-PUR panel showed the highest stress compared to other studied
CLTs. The resulting stresses in the outer layer of selected panels are provided in Table 3.6. g; is
tensile stresses parallel to the grain (normal stress in x direction), g;. 1S compression stresses

parallel to the grain (normal compression stress in x direction), og,r is tensile stresses
perpendicular to grain (normal stress in z direction), og /1. is compression stresses perpendicular
to grain (normal stress in z direction), o,r/ g i longitudinal shear stresses in the LT plane (xy

component of shear stress), and ogy is rolling shear stresses (xz component of shear stress).

Table 3.6: Obtained stress values for the selected CLT panels.

g O OR/T OR/Tc OLT/LR ORT

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
0ak-PVAC 2.9x1077 -1.5%x 1077 3.5x107* -1.8x107* 1.6 x 107° 458 x 1077
pine-PRF 9.2x 1073 —-3.8x1073 1.1 x 1072 —44x 1073 2.16 x 10 6.13 x 1077
pine-PUR 3.6 x1073 -1.5x 1073 4,02 %1073 —-6.5x 107* 2.36 x 1077 593 x 1077

spruce-PUR 0.35 -0.35 13.95 -14.865 1.49 1.25

Mechanical properties are measured and represented as strength properties for design in the wood

handbook [46]. These strength properties include maximum stress in compression parallel to grain
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(fc,0), compressive stress perpendicular to grain (f; o), shear strength parallel to grain (f, ), tensile
strength perpendicular to grain (f;qo), tensile strength parallel to grain (f; o), and rolling shear
strength (froil). Table 3.7 gives strength properties of the selected wood species for the studied
CLT panels.

Table 3.7: Mechanical properties of the selected materials /46/.

. Density feo fe90 fo ft.90 fto frou
species MC (%)
(kg/m3) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
name
oak 717 12 41.8 8.3 12.5 4.7 71 2.25
pin 509 12 47 7 14.3 7.2 97 2.57
spruce 450 12 36 4.3 10.3 1 30 0.5

Failure modes can be determined by replacing simulated stresses according to Table 3.6 and
strength properties according to Table 3.7 in failure criteria. The summary of the failure analysis
is given in Table 3.8. The result shows that the spruce-PUR panel failed under moisture-induced
stress resulting from the 35% humidity difference between exterior and interior surfaces. It is
mainly due to the low tensile and compression strengths perpendicular to the grain and the low

rolling shear strength of spruce.
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Table 3.8: Summary of the failure analysis in the outer layer of selected CLT panels.

oak- pine- pine- | spruce- Failure mode
PVAc | PRF PUR PUR
o Failure in tension brittle failure
Fro(0) = 7= <1 N N N N |
feo parallel to grain mode
Failure in compression ductile failure
Foolo) = || <1 v v v v .
feo parallel to grain mode
Failure in tension brittle failure
o2, Of o2 perpendicular to grain mode
Fioor/r(0) = Rz/T"'L/zLR"‘%S 1 v v v = . o
foo fi frou with splitting in LT and
LR plans
Failure in pure ductile failure
-0 transverse compression mode
FC,90R/T(O-) = _R/T S 1 \/ V \/ X .
€90 under compression
perpendicular to grain
) Failure in shear undeq Prittleshear
o o3 . . i
Fyryr(0) = L;Ué LRy f§ Z <1 l J \/ X compression perpendicular] failure
[
" to grain is distinguished

Gereke [27] evaluated the surface quality of the spruce-PUR specimen. The panel was exposed to

a 40% humidity difference over 21 days, and the physical evaluation of the panel's bottom layer

was reported. Fig 3.16 indicates a brittle failure parallel to the grain due to tension perpendicular

to the grain direction on the surface of the bottom layer.
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Fig 3.16: Brittle failure on the surface of the outer layer of spruce-PUR panels under a humidity difference of 40%
for 21 days /27].

3.4.3 Influence of adhesives’ diffusivity on the stress of CLT

This section investigates the influence of adhesives' diffusivity on the moisture-induced stresses
of the selected CLT panels. The combination of spruce with three different adhesives (PVAc, PUR,
and PRF) was selected. In the first step, the moisture profile of selected panels is simulated
according to Section 2.4.2. Then the stresses perpendicular to the grain direction in the middle
and outer layers of panels are simulated according to Section 3.4.1. The properties of the spruce
and adhesives are given in Table 3.3 and 3.4, respectively. The elasticity of adhesives is assumed
constant and equal to 0.36 GPa (equal to the elasticity modulus of PUR) to investigate the effect

of adhesives' diffusivity on moisture-induced stress. The result is displayed in Fig 3.17.

Fig 3.17 shows that although the highest adhesive diffusivity (PVAC) resulted in less moisture
gradient at the glue line, it leads to higher MC in the middle layer and lower MC in the outer layer
of the spruce-PVAc panel. The higher moisture content in the middle layer of spruce-PVAc leads
to higher stress perpendicular to the grain direction in the middle layer. Also, lower stress occurs
in the outer layer of spruce-PVAc due to less MC in the outer layer. A comparison of spruce-PRF
(with the lowest adhesive diffusivity) and spruce-PVAc (with the highest adhesive diffusivity)
showed a 19% increase in middle layer stress and a 13% reduction in outer layer stress once

adhesivity elasticity increased 30 times.
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Fig 3.17: Influence of adhesive's diffusivity on stress, (a) moisture profile, (b) stress perpendicular to grain in the
middle layer, (c) stress perpendicular to grain in the outer layer.

3.4.4 Influence of adhesives’ elasticity on the stress of CLT

In addition to the diffusion coefficient, adhesive's elasticity affects the moisture-induced stresses
in CLT panels. This section investigates the influence of adhesives' elasticity on moisture-induced
stress in CLT panels. For this purpose, a constant diffusivity (equal to PUR’s diffusivity) is
assumed for adhesives. Fig 3.18 displays the simulated moisture profile of selected CLTs. Panel
moisture profiles are matched due to the similar diffusivities of adhesives. The obtained stress in
the middle and outer layers of selected CLTs is given in Fig 3.18. Comparing spruce-PVAc with
spruce-PRF shows that three times decrease in adhesive elasticity resulted in a 70% reduction in

stress.
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Fig 3.18: Influence of adhesive's elasticity on stress, a) moisture profile, b) stress perpendicular to grain in the
middle layer, c) stress perpendicular to grain in the outer layer.

The same analysis was completed on spruce lumber to compare the stress status of spruce lumber

and spruce CLT. Fig 3.19 shows the result of stress perpendicular to grain direction in the middle

of the spruce lumber for 14 days of moisture exposure. Spruce CLT experiences a higher

compressive stress perpendicular to grain direction, while lumber spruce are under the tensile

stress at the middle of the panel thickness. These differences in stress would be occurred due to

the higher stress at the place of glues in spruce CLT.
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Fig 3.19: Stress perpendicular to the grain in the middle of spruce lumber and spruce CLT

3.5 Conclusion

This chapter presented the numerical modeling of the moisture-induced stresses in CLT panels due
to 35% of RH difference for 14 days of moisture exposure. The influences of moisture profiles and
adhesive properties on stress results were examined. It was noted that applying porous adhesive in
manufacturing CLT panels would reduce the MC gradient and stresses at the glue lines. A higher
MC gradient indeed leads to the highest stress in CLT layers. If the strengths of the selected wood
for CLT layers were lower than the moisture-induced stress of the wood layer, a crack would
develop. The minimum tensile strength of wood perpendicular to its grain direction frequently
leads to failure in this direction. The failure analysis showed the spruce-PUR panel was damaged
under a 35% humidity difference. This was mainly due to its higher MC and lower perpendicular

to grain strength compared to other studied panels.

Applying different CLT adhesives can influence the moisture-induced stress in CLT panels. The
moisture-induced stresses could be affected by adhesive diffusivity and adhesive elasticity.
Although adhesive diffusivity affects the stress state, their elasticity significantly influences
moisture-induced stresses in CLT panels. Using different adhesives yields different moisture
contents in CLT’s layers, mainly in the middle. Based on the numerical modeling, a rise in the
middle layer MC increased stresses perpendicular to the grains in the middle layer. The results

also showed that the outer layer was slightly influenced by adhesive diffusivity.
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4 Moisture-induced deformation of CLT

4.1 Introduction

Climate gradient leads to considerable deformation in the form of a cup and twist in CLT panels.
Moisture-induced deformation reduces the serviceability of the CLT panels. Thus, dimensional
stability is of interest for the application of CLT panels. The types of moisture-induced
deformation are shown in Fig 4.1. The previous studies showed that the governed moisture-
induced deformation in CLT is cup deformation in the z-y plane [29]. Hence, the cup deformation

of CLT panels is investigated here.

First, previous experimental tests completed by Gereke [29] are presented. Then, numerical
modeling of the experiments is discussed. The result of numerical modeling and tests are compared
to validate the model. Finally, the model is used for other CLT panels, and the influence of
adhesives' properties (diffusion coefficient and elasticity modulus) on the cup deformation of

CLTs is investigated.

p
7
[5p]
iy

¥ crook twist CUPxy bow (cup,y)
Z A X

Fig 4.1: The types of moisture-induced deformation in CLT.

4.2 Experiments

A three-layered spruce-PUR panel was tested by Gereke [29] to determine the cup deformation of
the CLT panel. The dimension of the panel was 300mm x 300mm x 30mm, and it was initially
conditioned at 65% RH. The edge faces of the specimen were sealed to enforce the moisture flow
within the panel thickness. Then the panel was placed on three supports, as shown in Fig 4.2. The

outer face of the panel was exposed to RH=100% using water in the bottom of the test box.
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Displacements in the y-direction of the defined points were recorded through dial gauges (Fig 4.2
d) after 14 days of moisture exposure. Based on the displacement of defined points, the cup

deformation can be calculated according to Eq 4.1.

(a) (b)

Grain direction
. outer layers
Insulation

i Y

~ /
Ty

¥
~

.
© (d)
Box top cover

Dial gauge

;,H
%/

100%

‘ ‘

Fig 4.2: Test set-up of the hygroscopic warping experiments /29].

1 — — _
cup = E (ApathA + Apath B) + Apath c Eq4.1

where Zpath 4 1s the average of measured displacement in points A, D, and G, Zpath g 1s the

average of measured displacement in points C, F, and J, and Zpath c 1s the average measured

displacement in points B, E, and H (see Fig 4.2 d). Under the conditions shown in Fig 4.2, Gereke

[29] measured 0.292 mm as cup deformation in the y-z plane of the spruce CLT panel.

4.3 Numerical modeling

4.3.1 Material

According to the experimental study, spruce and 1K PUR adhesive were used in the modeling.
The dependency of the elastic modulus of spruce to moisture content is displayed in Fig 3.5, Fig

3.6, and Fig 3.7 of Section 3.3.1 and is applied in the model.
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Table 4.1 summarizes the required materials’ properties according to boundary conditions
(RH=65% and RH=100%). Elastic constants of PUR adhesive are 0.36 GPa, 0.18 GPa, and 0.3 as

Young’s modulus, shear modulus, and Poisson's ratio, respectively [63].

Table 4.1: Summary of Equilibrium Moisture Content (EMC), Moisture Concentration (c), and Moisture Diffusion
Coefficient (D) values for spruce and PUR adhesive.

Density EMC €100 Cos D
Material s
(kg/m?®) (%) (kg/m?) (kg/m?) (m?/s)
spruce [27] 450 2891 130.09 56.7 1.38 x 10710
adhesive (PUR) [42] 1000 3.36 33.6 22.2 4,01 x 10712

4.3.2 Method

The geometry, boundary condition, and coordinate system are shown in Fig 4.3. The longitudinal
axis of these local coordinate systems is aligned parallel to the x-axis in the outer layers and parallel
to the z-axis in the middle layer. Considering 0.1 mm thickness for each glue line, the total
dimension of the model will be 300mm>300mmx=30.2mm. The moisture content applied to the

model is simulated based on Section 2.4.2.

\ ‘ Adhesive 0.1 mm ‘
30 em /
-RH=100%

Fig 4.3: Geometry of the model and boundary conditions.

Three paths (A, B, and C) along the x-axis are defined at z = 50 mm, z = 150mm, and z=250mm at
the bottom of the panel (i.e. y = 0). The average value of y-direction displacement of defined paths

is obtained as Zpath 4> Zpath 5, and Zpath ¢- Thereupon, the cup deformation can be calculated

according to Eq 4.1.
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Fig 4.4: cup,,, deformation and maximum out of plane deformation of CLT.

s = =
X cup = E (Apﬂth A *+ Apﬂ”! B) + ﬂpath €

4.3.3 Results

The moisture-induced deformation (cupy,) is determined through the defined paths in Fig 4.4. The

maximum y-direction displacement occurs at the corner of the panel that is reported as (uy)max.

The simulated and experiment deformations are given in Table 4.2. Gereke [29] modeled
numerically the same experiment, and the result of his modeling was added to the result.
Differences between the results would be caused due to the models’ assumptions. Gereke [29]
applied the varying diffusion coefficient with moisture content for spruce and adhesive based on
Eqgs 2.3 and 2.4. This study assumed the moisture diffusion of materials is constant. Furthermore,
CLT panels are assumed to have the same elastic constants as spruce in numerical simulations
(Gereke and this study), despite the fact that the elastic constants are different. This assumption is

due to the lack of available experiments measuring the elastic constant of CLT panels.

The same analysis was completed on spruce lumber to compare the deformation status of spruce
lumber and spruce CLT. The deformation for the lumber spruce is shown in Table 4,2, as well.
result of stress perpendicular to grain direction in the middle of the spruce lumber for 14 days of
moisture exposure. Spruce CLT experiences a higher compressive stress perpendicular to grain
direction, while lumber spruce are under the tensile stress at the middle of the panel thickness.

These differences in stress would be occurred due to the higher stress at the place of glues in spruce

CLT.

Table 4.2: Simulated and measured maximum out-of-plane and cup deformation.

This study Gereke [29]
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Numerical Numerical Numerical Measurement
(CLT) (Timber) (CLT) (CLT)
(wy) . [mm] 0.181 0.196 i
cup,,, [mm] 0.204 0.283 0.292

4.4 Parametric studies

The model was validated in Section 4.3.3. Thus, it can be developed to investigate the influence
of adhesives' properties on the moisture-induced deformation of different CLT panels. According
to Section 3.4, a combination of spruce and three adhesives (PVAc, PUR, and PRF) is selected for
completing two case studies. The effect of the adhesive's diffusivity and elasticity on the cup

deformation of CLTs are discussed in Sections 4.4.1 and 4.4.2.
4.4.1 Influence of adhesive’s diffusivity on moisture-induced deformation of CLT

This section aims to find how adhesives' diffusivity affects the moisture-induced deformation of
CLT panels. In the first step, the moisture profile of selected panels is simulated based on Section
2.4.2 as the applied loads. Table 4.3 gives moisture diffusivities of the selected adhesives. Then
the cup deformation of panels is simulated according to Section 4.3.2. The elasticity of adhesives
is assumed constant and equal to 0.36 GPa (equal to the elasticity modulus of PUR) to investigate
the effect of adhesives' diffusivity on moisture-induced deformation. The result is displayed in Fig

4.5.

Table 4.3: Diffusivity of adhesive materials /42].

Material D (m?/s)
PVAc 17.8 x 10712
PUR 4.01 x 10712
PRF 0.58 x 10712

Fig 4.5 shows the highest MC in the middle layer and lowest MC in the bottom layer of the spruce-
PV Ac panel compared to other panels. It occurs due to the highest moisture diffusivity of PVAc

adhesive. Comparing the deformation result of spruce-PRF (with the lowest adhesive diffusivity)
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Thickness (cm)

to spruce-PV Ac (with the highest adhesive diffusivity) showed that 30 times increase in adhesive

moisture diffusivity leads to a 10% decrease in the cup deformation.

I
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Moisture Content (%)
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spruce-PVAe spruce-PUR spruce-PRF

(b)

Fig 4.5: Influence of adhesive’s diffusivity on moisture-induced deformation of CLT, (a) moisture profile, (b) cup

deformation.

4.4.2 Influence of adhesive’s elasticity on moisture-induced deformation of CLT

This section investigates the influence of adhesive elasticity on moisture-induced deformation in

CLT panels. For this purpose, a constant moisture diffusivity (equal to PUR diffusivity) is assumed

for adhesives. The elastic constant of the selected adhesives is listed in Table 4.4. PRF and PUR

have the highest and lowest elasticity, respectively.

Table 4.4: Modulus elasticity of adhesive materials /63/.

Material E (GPa)
PUR 0.36
PVAc 1.1
PRF 35

Fig 4.6 displays the simulated moisture profile and cup deformation of selected CLT panels. A

comparison of spruce-PUR and spruce-PRF revealed that a ten-fold increase in adhesive elasticity

leads to a 5% reduction in panel cup deformation.
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Fig 4.6: Influence of adhesive’s elasticity on moisture-induced deformation of CLT, (a) moisture profile, (b) cup

deformation.

4.5 Conclusion

This chapter investigated moisture-induced deformation in CLT panels. A 65-100% RH induced
the cup deformation in selected panels. Previous studies have shown that the main form of
deformation occurs in the y-z plane as cup,,. The measured deformations in the literature were
used to validate the numerical model. Then the model was developed for further parametric studies.
The parametric studies were completed to investigate the influence of adhesives properties

(moisture diffusivity and elasticity) on the moisture-induced deformation of CLT panels.

The coefficient of moisture diffusion of the glue lines was found to significantly influence the cup
deformation of the CLT panels. With increased moisture diffusivity of the adhesive, deformation
was reduced. Thus, using adhesives with low moisture resistances (i.e. high moisture diffusivity)
in CLTs would help to avoid panel deforming due to moisture variations across the panel thickness.
Additionally, the effect of glue line stiffness on moisture-induced deformation of CLTs was
studied by applying three adhesives with different elasticities. The result indicated employing an
adhesive with higher elasticity in CLT manufacturing could result in a lower moisture-induced

deformation of CLT panels.

S Summary and conclusion

Cross Laminated timber panels may be exposed to cyclic environmental conditions that would

result in cracks or deforming the panels due to moisture-induced stresses and deformations. These
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stresses and deformations would reduce the strength and serviceability of CLT panels, affecting
their applications. These stresses and deformations were investigated based on numerical
simulations, considering adhesive effects. In this research, moisture differences between panel

surfaces were considered as a moistening scenario.

Predicting the moisture profile variation over time (for various moistening scenarios) was the first
step toward understanding the performance of laminated products under environmental loads.
Previous experimental tests on measuring moisture content, moisture-induced stresses, and
deformations were used in this study for model validation purposes. Then the model was developed
for other CLTs to investigate the influence of various parameters on moisture profile, moisture-

induced stress, and deformations.

The moisture content in CLT layers caused by a change in the humidity of ambient air depends on
parameters such as the moisture diffusion coefficient of adhesive and wood species, the middle

layer material, moisture exposure time duration, and layers arrangement.

The measured moisture content of the CLT panel indicated that glue lines provide high moisture
resistance. Previous numerical studies also showed that the selected values for the moisture
diffusion coefficient of materials could significantly affect the moisture transfer across the multi-
layered composite panels. However, these models were only valid for the selected materials
(spruce and 1K PUR) and could not be developed for other CLTs made of different materials. This
study introduces a framework to predict the moisture profile of all multi-layered composite panels
glued with different adhesives. Also, unlike previous studies, instead of employing the surface
emission coefficient, the moisture adsorption curve of the material was used as an alternative but

simple approach to estimate moisture flux at the surfaces.

Although the previous studies showed that moisture diffusivity varies with the material’s moisture
content, this study demonstrated that such variation might not significantly affect the CLT panels'
moisture profile. This is due to the generated moisture gradient at the glue lines. Such gradient was
shown to be different in various composites and depended on the value of Dys. When Daan was
smaller than the layers' D, the moisture gradient across the panel thickness was significant. This
matter led to large moisture gradients between layers. When D.qs was close to the main layers' D,
the moisture gradient was found to be negligible, and a more uniform moisture profile was

achieved. It could be concluded that, depending on the selected wood species, the proper choice
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of adhesive for manufacturing laminated panels can affect the moisture gradient across the glue

lines later in the product’s service life.

Using a different material for the middle layer led to very distinct profiles, especially in the middle
of the panels. Results demonstrated that using a material with higher diffusivity for the middle
layer of the CLT panel can lead to a higher moisture content in this layer compared to face layers.
The very high moisture gradient found across the glue lines suggests that different species should

be mixed with care in manufacturing laminated panels.

Adhesive types did not affect the short-term moisture profile of CLT panels even when exposed
to high humidity differences between the panel surfaces. Because, in the short-term time duration
(1 hour), there was not enough time to let moisture reaches the glue line. As a result, the short-
term moisture profiles of CLT panels glued with various adhesive types were the same. Hence, the

long-term performance of CLT panels should be considered in designing CLT panels.

Using orthotropic moisture diffusivity resulted in a more realistic moisture content in CLT layers.
However, the difference in moisture profile was not significant (4%). Therefore, considering
moisture diffusivity in all directions equal to Dy is an acceptable assumption in the moisture
transport simulations. When the boundary conditions of the panel surfaces are altered, layer

arrangements of CLT panels must be considered in determining their moisture profile.

Moisture-induced stresses and deformations in CLT panels depend on various parameters. The
literature has shown the influence of wood species, layer thickness ratio, annual ring direction of
wood species, and prestressed wood species on the moisture-induced stress state in CLT panels.
This study investigated the influence of other parameters, adhesive diffusivity, and modulus of

elasticity, on stresses and deformations of CLT panels caused by changing ambient air humidity.

The moisture profile of the panel influences stresses and deformations induced by both a moisture
gradient and climate change. With an increased moisture content of the layers, the moisture-
induced stresses increased. The higher moisture gradient at the glue lines leads to the greatest
stresses at glue lines. Application of different adhesive types would lead to different scenarios in
the moisture content of CLT layers. Higher diffusivity of the adhesive leads to a lower moisture
gradient at the place of glue lines, which results in minor stress at bonding lines. Also, a lower

moisture gradient is expected for the bottom layer when a more porous adhesive is used in CLT
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panels. On the other hand, using an adhesive with lower resistance to moisture transfer resulted in

higher moisture content in the middle layer, consequently causing higher stress in the middle layer.

The stiffness of glue lines showed a significant influence on stresses. A three-fold decrease in
adhesive elasticity resulted in a 70% reduction in stresses. Therefore, it can be concluded that using

an adhesive with higher diffusivity and lower elasticity would result in lower stresses.

The moisture-induced deformation of CLT panels was reduced when an adhesive with higher
diffusivity was applied to bonding CLT layers. The adhesive elasticity has a negligible impact on
CLT deformation. The deformation of the adhesive was reduced by 5% when the adhesive
elasticity was ten times lower. It is concluded that while adhesive elasticity has very little influence
on deformation, diffusivity was found to influence both stress and deformation. Thus, stresses and
deformations could be minimized with the correct choice of adhesive (higher diffusivity and lower

elasticity) for the static requirements and the expected climatic conditions.

The result of this study showed how moisture variations could affect the long-term performance
of sustainable composite panels made from natural resources and various adhesives. As
demonstrated in the parametric studies, the model can be used as a tool to guide panel
manufacturers to design durable products with optimized adhesive characteristics engineered for

different climate conditions to reduce moisture-induced stresses and deformations.

5.1 Future work

Although the developed model in this study was quite comprehensive, there were some research
limitations due to assumptions made and the lack of accurate experimental data. Such limitations
can be addressed in future studies. Static and dynamic loads were excluded from the investigations
of the present thesis. Understanding the performance of CLT panels under combined mechanical
and environmental loads is required to extend the knowledge about the physical behavior of

laminated panels.

The temperature is assumed to be constant in this study. The influences of temperature on moisture
diffusion coefficient, equilibrium moisture content, moisture uptake curves, and elastic constants
of materials were neglected. However, these parameters would be affected by temperature. While

higher temperature would result in higher moisture diffusivity, it causes lower values for
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equilibrium moisture content, moisture uptake curves, and elastic constants of materials. Thus, a

combined heat and moisture transport model can be considered in future work in this area.

This study has not examined a complete structure of a large CLT panel with several wooden planks
in each layer. The significant role of connection materials (adhesives) on moisture transport,
moisture-induced stresses, and deformations was shown. So, based on the manufacturing process,
studying the effect of planks’ connection type on moisture-induced stresses and panel

deformations is strongly recommended for future work.
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