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Cross-laminated timber (CLT), a product in the mass timber family, is an innovative engineered wood
product that enables the construction of mid- and high-rise timber buildings. CLT has been used
extensively in timber construction. A typical use of CLT panels is in the construction of walls, floors,

and roofs which can carry a continuous load. This load can impact the long-term performance of the

CLT structure and must be considered in the design phase.

The primary goal of this research was to better understand the long-term creep behavior of CLT beams
and contribute to the development of numerical approaches. The creep performance of CLT beams was
assessed under elevated relative humidities using computational simulation and validated against
experimental investigation. This study consists of two parts. In the first part, the flexural response of
CLT beams was assessed. Material characterization experiments were conducted on spruce to provide
the necessary material data for the numerical models. Flexural tests of CLT beams were performed to
determine the modulus of elasticity (MOE) and modulus of rupture (MOR) of the CLT beams. In
addition to the experimental work, a computational model was developed to predict the flexural
response of CLT beam. The 3D Hashin failure criterion was adopted to predict the intralaminar failure

of the CLT beam. The mean experimental and numerical values of MOE of the CLT beam were 9.14



GPa and 8.69 GPa, respectively with a difference of 5.10 %. In terms of the MOR, the mean
experimental value and numerical value were 39.16 MPa and 40.11 MPa, respectively with a difference

of less than 3 %.

The second part of this study was focused on the assessment of creep performance of the CLT beam. A
finite element creep model was developed to predict the interaction between the stress and moisture
content change in the CLT beam simultaneously loaded under a constant dead load and subject to an
elevated relative humidity condition, 30%, 60%, and 90%. ABAQUS user-defined UMAT and DFLUX
subroutines were used to evaluate the material behavior and the elevated relative humidity loadings,
respectively. The numerical model showed a well prediction of the moisture content distribution in the
CLT model. Also, the numerical deflection result had shown a good agreement when compared to the
experimental creep deflection. The results of this study showed that the current computational model
can be used to predict the long-term creep behavior of such beams, and it can easily be adapted to

account for different timber and geometry once the appropriate material properties are available.
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CHAPTER 1: Flexural Response of Thin Cross-Laminated Timber Beams: Experimental
and Numerical Investigations

1.1 Introduction

Cross-laminated timber (CLT) has become an increasingly popular and competitive in mid and
high rise buildings in Europe, it was introduced in Austria and Germany in the mid-1990s. CLT
has gained a lot of interest in North America with the establishment of several CLT plants in
Canada and the United States due to its good structural properties and low environmental impact
(e.g., low embodied carbon). CLT panels are commonly used in walls, floors, and roofs
constructions. CLT panels consist of at least three layers of lumber stacked crosswise and glued
together and are typically fabricated from an odd number of layers (3, 5, 7, or more) of solid-sawn
lumber placed in alternating 90-degree directions [1]. Due to this configuration, CLT is formed in
a plate-like shape and can withstand a load both in-plane and out-of-plane. Compared to typical
building materials, concrete and steel, CLT is valued for its high strength-to-bending ratios and
capacity for quick and efficient assembly of strong structures [2]. Besides the conventional CLT
panels made of dimension lumber (i.e., 2x4, 2x6, 2x8 softwood lumber) and hybrid CLT panels
consisting of dimension lumber and wood composites (plywood, laminated strand lumber), a new
type of thin CLT panel fabricated using thin boards with a thickness less than 25 mm (~1 inch) has
been found in the market [28]. It can be used as interior paneling, a single-family house wall

component, and more.

When using CLT panels in various applications, the strength and stiffness performance needs to
be assessed. Besides the experimental testing methods, a widely used approach to evaluate wood
materials is through the finite element (FE) method. Numerical simulation is a powerful tool and
has been shown to be capable of predicting the structural response of a material. This tool has an

effect on complex and expensive experimental work which can be reduced using numerical


https://www.sciencedirect.com/topics/engineering/germany

simulation. Numerical simulations of CLT can be performed using 1D, 2D, or 3D models. Thiel
and Schickhofer [3] used CLTdesigner software to develop a 1D plate design of CLT under load
out of plane, their work aims to provide verification of bending and shear stresses for the ultimate
limit state for persistent, transient, and accidental design situations, as well as for the verification
of deformation and vibration. The FE 2D models are fast and give reasonable outputs, they are
often evaluated using Kirchhoff or Mindlin-Reinser plate theory ( [4] and [5]). The 1D and 2D
models are good to get the general structural response but do not provide a lot of details such as
stress distribution and failure mechanism when the study evaluating damage of the structure. Also,
higher order theories which can result in an accurate structural response have been used to evaluate
CLT panel ( [6] and [7]). However, the higher order theories are not commonly implemented in
commercial FE software, and some of these software require additional or external subroutines to

implement higher order theories or evaluation criteria.

He et al. [8] investigated the bending and compressive properties of CLT made from Canadian
hemlock using numerical simulations and validated their FE results against experiment. The
comparison between the experimental and numerical results illustrated that the numerical results
correlate well with the experiment. Chen et al. [9] investigated the flexural performance of box-
based CLT system with different plate layups/angles. Their study was carried out experimentally
and using the FE software package ANSYS. The CLT models in the study are capable of providing
a prediction of the combined structure system under out-of-plane loading. Gharib et al. [10]
presented an orthotropic 3D constitutive model which was developed for fibrous materials, and it
was utilized for the non-linear analysis of timber members with arbitrary orientation of the grain
direction. Different modes of failure and their representative failure criteria are implemented in
ABAQUS to evaluate failure. Brank et al. [11] presented a procedure of optimizing and modeling

ribbed CLT plates. A numerical model for a complete failure analysis was considered to estimate



the limit load, limit ductility and failure mechanism of a ribbed CLT plate. The studied model was
based on the Hashin failure criteria, and it was approved that the Hashin failure criteria is capable
of predicting the failure mechanism of the CLT. Gecys et al. [12] performed numerical simulations
to study the bending behavior of a new type of timber mounting connection. In Gecys study, they
adopted Hill criterion to evaluate failure, however, Hill criterion does not account for the difference
between tension and compression or the various failure modes. Wang et al. [13] carried out
experimental and numerical investigations on the fire behavior of loaded cross-laminated timber
panels. In their study, a 3D finite element model was developed and the Hashin criterion and
cohesive elements were adopted to predict the failure of wood and adhesive. The FE model was
validated with experimental results and was found to have the ability to simulate the fire behavior

of loaded cross-laminated timber panels in acceptable accuracy.

Thus, this work aimed to develop a 3D FE model of CLT beams using ABAQUS [14]. The FE
model was developed to evaluate the flexural response and effectively predict the modulus of
elasticity, modulus of rupture, and failure mechanism of CLT beams. The effectiveness of the 3D

FE model was validated by testing 3-ply CLT beam samples made of thin Spruce lumber pieces.

1.2 Materials

The lumber used in this study was Spruce (Picea). Spruce lumber was purchased from a local
supplier in Old Town, Maine. The lumber was 38 mm (thickness) x 140 mm (width) x 2438 mm
(length) (27 x 6” x 96”). The lumber was kiln dried and heat treated (KD-HT), and the grade was
No. 2 and better. The lumber was stored in a room where the relative humidity was maintained to
be around 60 £ 5 % and temperature was around 23 + 3 °C. Loctite® PURbond primer and adhesive

was used to fabricate the CLT panel.

The spruce lumber was used to perform static bending tests of small clear wood and to fabricate a

3-ply CLT billet. The CLT specimens were cut from the CLT billet for the flexural and creep tests.



1.2.1 Lumber Preparation

Before the fabrication of the CLT billet, the lumber was prepared to meet the desired thickness and
width of the CLT. The lumber boards were cut to about 12.5 mm (0.5 in.) thick, and since the
thickness of the lumber was reduced, the width of the lumber boards used to assemble the
transverse layer of the CLT was reduced proportionally as well. The width of the transverse layer

lumber was calculated to be as follows:

t,=45in; t, =15in; w, =5.5in [1.1]

Where:

to is the original thickness of the CLT billet
Iy is the reduced thickness of the CLT billet
Wo is the original width of the lumber

ratio =

oS

<

=3 [1.2]

Therefore, the downsized width of the transverse layer (w;) is as follows:

w, ]
= = 1.83 1.
W, ~atio in [1.3]

Then, prior to primer and adhesive application and pressing, the lumber boards were planed to the
desired thickness and to make the surface of the lumber fresh for the application of the primer and

adhesive.

1.2.2 Primer and Adhesive
Loctite® PR 3105 PURbond primer and Loctite® PURbond HB X602 adhesive, from Henkel
Adhesives, were used as the adhesive system for the CLT fabrication. The primer was applied to

each planed lumber surface, and it was spread at a target rate of 20g/m? using a hand pump sprayer.



Then the boards were left for 45 minutes after applying the primer to allow it to dry and activate
before spreading the adhesive. Then, the adhesive was applied at a spread rate of 180g/m?, and it

was applied to one of the two faces of the board and hand spread using a putty knife.

1.2.3 CLT Fabrication

The boards of the 3-plies were laid side by side as shown in Figure (1.1) and the amount of adhesive
was measured and poured on top and spread. Once the adhesive was applied to the surface of the
first layer, the transverse layer boards were laid atop, and adhesive was applied and spread. This
process was repeated for the remaining layer. Once the layup was complete, straps were placed
around the perimeter and tightened to minimize movement and edge gaps during pressing as shown

in Figure (1.2).

Per the Technical Datasheet of the adhesive, an open assembly time (from starting the adhesive
application to pressing) of 60 minutes or less was targeted and achieved. Then the panel was
pressed at 120 psi for 3 hours in a hydraulic press. Once pressed, the billet was stored in laboratory
conditions for at least 48 hours prior to being cut into test specimens. Figure (1.3) shows the CLT

billet after pressing.
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Figure 1. 1 Lumber boards laid side by side for CLT assembly

Figure 1. 2 CLT assembly before pressing



Figure 1. 3 CLT billet after pressing

1.3 Experimental Methods

1.3.1 Specimen Preparation

Specimens for static bending tests of small clear spruce wood were cut from the lumber boards.
For this testing method, nine samples were cut with minimum defects and making sure the grains
are straight as much as possible. Also, CLT specimens were cut from the CLT billet to carry out
flexural tests. Six CLT specimens were prepared for flexural testing. All specimens were stored in

a conditioning chamber for a minimum of a week at 23 +2 °C and 50 + 5 % RH.

1.3.2 Static Bending Testing

Static bending tests of clear wood specimens were carried out in accordance with ASTM D143-22
[15] using a 100kN Instron testing machine. Nine specimens were tested at an ambient
environment, and tests were performed under position control with a speed rate of 2 mm/min
(0.079 in/min). The size of the specimens was 25.4 mm x 25.4 mm x 406.4 mm (1 in. x 1 in. X 16

in.) following the secondary method specified in ASTM D143-22. The span length was 355.6 mm



(14 in.) to maintain a span-to-depth ratio of 14. Load and load cell displacement were recorded
continuously at 50 Hz by the controller PC and deflection of the specimens was recorded using
linear variable inductive transformer (LVIT). It should be noted that the deflection of the specimens

was recorded from the center base of the specimen. The static bending tests setup is shown in

Figure (1.4).

> Specimen
"

- Wome W l'i"*‘

!
| -

Figure 1. 4 Static bending tests setup of clear wood



The moisture content for each specimen was determined after the test was complete. Also, modulus
of elasticity (MOE) and modulus of rupture (MOR) were determined using expression [1.4]. MOE
was calculated by using the load and displacement data within the elastic region of the force-

displacement curve.

MOE = PP
"~ 4bd3A
[1.4]
3P0l
MOR = TR

P is the increment of applied load (N)
Pax  1s the maximum applied load (N)

[ is the span length (m)

b is the width (m)

d is the thickness (m)

Y| is the increment of deflection (m)

1.3.3 CLT Flexural Testing

Third point loading flexural tests of CLT specimens were carried out in accordance with ASTM
D198-22 [16] using a 25kN Instron testing machine. A sketch of the third point test setup is shown
in Figure(1.5). Six CLT specimens were tested at a laboratory condition of 23 £2°C and 40+ 5 %
RH. Tests were performed under position control with a speed rate of 2.54 mm/min (0.1 in/min).
The size of the specimens was 63.5 mm x 38.1 mm x 797.4 mm (2.5 in. x 1.5 in. x 31 in.). The
span length was 685.8 mm (27 in.) to maintain a span-to-depth ratio of 18. Load and load cell
displacement were recorded continuously by the controller PC at 5 Hz for the first three specimens
and the other three were tested at a different time and data were recorded at 1 Hz. The deflection
of the specimens was recorded from the center base of the specimens using string potentiometer

for all specimens as shown in Figure (1.6).
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Figure 1. 6 Third-point test setup of CLT beams
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The moisture content of the CLT specimens was determined after the test using the oven dry
method. Also, the failure location and mode for each specimen were determined, and the modulus
of elasticity, MOEcrt, and modulus of rupture, MORcr, of the CLT were calculated using equation
[1.5] for third loading method (ASTM D198-22 [16]). The MOEcrt was calculated by using the

load and displacement data within the elastic region of the force-displacement curve.

23P13 Pyl

— _maxt 1.5
108bd3A MORcwr bd? [1.5]

MOECLT =

P is the increment of applied load (N)
Pax  1s the maximum applied load (N)

[ is the span length (m)

b is the width (m)

d is the total thickness of the CLT (m)
Y| is the increment of deflection (m)

1.4 Numerical Approach

Wood is a complex anisotropic material to work with due to the many factors that can influence
its properties. The mechanical properties of wood can be affected by mostly the moisture content,
temperature, rate of loading, and other variables. Thus, generating a numerical model of wood
material can be challenging. This study was focused on developing a finite element model of CLT
to predict its structural response. In this section, the elastic material properties of Spruce were
estimated based on the experimental result of the modulus of elasticity in the longitudinal direction
(e.g. fiber direction) and some assumptions. Also, a finite element (FE) model was developed to

simulate the flexural test and validate its structure response with experiment.

1.4.1 Elastic Properties of Clear Spruce Wood
Timber can be regarded as an orthotropic elastic material. In this study, spruce timber was tested

experimentally to obtain the modulus of elasticity in the longitudinal (L) direction. Then, the elastic
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moduli in the tangential (T) and radial (R) directions as well as the shear moduli in LT, LR, and
TR planes were estimated by using the well-known assumption, Bodig and Jayne [17] relationship.
Despite the many sources of variation, this relationship suggests that in general the elastic moduli

are related according to the following ratios:

E,: ER: Er =20:16:1

GLR: GLT: GRT ~10:94:1

[1.6]
E, : Gp =14 :1
The Poisson’s ratios were calculated using the following expressions [18]:
E, E, Er
Uir = E_TVTL ; Vir = E_RVRL ; Urr = E_RURT [1.7]

The subscripts L, R and T refer to the directions of longitudinal, radial, and tangential directions
respectively. The elastic material properties are assigned to the FE model according to the principal

axes shown in Figure(1.7).

Radial

Longitudinal

Figure 1. 7 Principal axes of single piece of lumber used to model the FE CLT beam (source: wood handbook [18])
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1.4.2 Model Development

A finite element (FE) model was generated in ABAQUS [14] to evaluate the structural response
of a 3-ply (0° 90°, 0°) CLT beam under flexural loading. The zero degree (0°) is the longitudinal
direction (i.e., fiber direction, major direction of the CLT panel), while 90° is the transverse
direction (i.e., minor direction of the CLT panel). For structural analysis, the FE model was
developed with 3D deformable solid elements. The dimensions of CLT beam were 63.5 mm x 38.1
mm x 787.4 mm (width x thickness x length). The material orientation of the plies was defined
using the available tool in ABAQUS. A local coordinate system was defined for each ply. Then,
each ply was assigned a material orientation based on the local coordinate system of the ply. The
CLT beam was meshed using the 3D stress elements. The element type used was the 8-node linear

brick C3D8. Fully integrated elements were used with a number of elements of 83,790.

A cylindrical rod was modeled for the third-point flexural test simulation. This beam model was
used as a rigid frame to support the specimen and as a loading head. The loading head was used to
apply the load without high stress concentration in the specimen. The cylindrical rod was modeled
in ABAQUS as a 3D discrete rigid body with a diameter of 50 mm, and it was meshed with linear
quadrilateral elements of type R3D4 and linear triangular elements of type R3D3 with a total of

2912 elements.

1.4.3 Contact Definition

The general contact algorithm for ABAQUS analysis was used for flexural test simulations.
ABAQUS is a very robust FE analysis package with a proven contact algorithm. This contact
method goes through the FE model and defines contact between any two or more solid parts. The
contact domain was set to “All with self” with the use of global contact properties. This contact
algorithm definition is a necessity in order to prevent penetration between the parts that will be in

contact. The contact properties definition was created in the contact property tool in ABAQUS. A
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mechanical tangential behavior was defined, assuming that there is a small friction of 0.15 between
CLT surfaces and the load head and frame supports. Also, a normal behavior is used for the contact
definition, with the ‘Hard’ contact as the pressure-over closure, which means that the friction is

applied only when two surfaces are in contact.

1.4.4 Boundary Conditions

The boundary conditions used for the FE CLT model were a representation of the experimental
setup used in the flexural test. The frame supports were fixed in all translation and rotation
directions. The movement of the load head supports were constraint to a reference point. The load
head support was fixed in translation and rotation directions except the z-direction where the load
was applied to the reference point using a displacement control method. The applied boundary

conditions are shown in Figure (1.8).

Reference point (loading head):
Ux=Uy=0
Ux=Ury=Urz=0

\ "

Frame supports: /

Fixed in all directions

Figure 1. 8 The finite element model assembly and boundary conditions application

1.4.5 Intralaminar Damage Evaluation

The damage evaluation during the flexural test simulation was implemented in ABAQUS using a
USDFLD Fortran user subroutine. The subroutine checks for failure initiation at every integration
point using the Hashin failure criteria [19] and computes the damage variables using the
exponential law. The Hashin failure criteria include four individual failure modes fiber tension and

compression modes and transverse tension and compression modes. The four failure modes are
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illustrated in Equations (1.8 a-d). The exponential damage evolution law [20] was adopted to
calculate the damage variable for each failure mode. The damage evolution law utilizes Equation
(1.9) to calculate the damage variable. More details on the intralaminar damage evaluation and
implementation in ABAQUS user subroutine were presented in Alabbad et al. [21] and Warren et

al. [20].

Fiber tension failure mode (o> 0)

oL \? 1
Fft = (_L) + _Z(O-LTZ + O'LRZ) =>1 [183]
X7 Sir
Fiber compression failure mode (o1 < 0)
Fro = () 21 1.8b
re=\x,) = [1.8b]

Transverse tension failure mode (o1+ or > 0)

(or + UR)Z (UTRZ — o70R) 1

Fy = + + or® + o) =1

tt YTZ STRZ LTZ( LT LR ) [1.8¢]
Transverse compression failure mode (o1+ or <0)
1 Yo\ or + op)?  (orr% — 070,
Fye = —2[(—C> —1](0'T+0'R)+( . f) +( L) »)
Ve [\2Sr 4(Sre”) St

[1.8d]

1 2 2
+_2(O-LT +O—LR ) 2 1
SLT
Where ¢ are the stress components in the material coordinate system (L is longitudinal, T is
transverse, and R is radial), Xt and Xc are the axial tensile and compressive strength, respectively.
Yt and Yc are the transverse tensile and compressive strength, respectively and Sir and Str are

the axial shear strength and transverse shear strength, respectively. The strength values of spruce
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for failure evaluation were obtained from previous studies ( [22], [23], and [24]), and the

experimental specimens were reported to be from straight grain, i.e., without knots, cross grains,

checks, or cracks. The strength values are listed in Table 1.1.

Table 1. 1 Material strength properties for failure evaluation

Load Symbol Strength (MPa) Source

X, 61

Tensile strength
Y, 3.5 Rahman et al. [24]
X 40

Compressive strength
Yo 4.3 Sandhaas et al. [22]
LT 6.9 Rahman et al. [24]

Shear strength

STR 1.6 Dahl et al. [23]

The exponential damage evolution law expression is as follows:

d(F;) = dmax ll —exp (—

f‘im

mxe

[1.9]

Where Dmax is the maximum degradation variable, F; is the Hashin failure indicator, m is the

material response parameter and e is the base of the natural logarithm. The material response

parameter, m, as this parameter m increases, the more brittle the material damage response

becomes. Which means that when m reaches/approaches an infinite value, the exponential damage

evolution model becomes an instantaneous damage model. In our study, m is set to be 200 based

on author’s the experience and the observation of CLT beam samples’ failure behavior.
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1.5 Flexural Modulus of CLT Using Classical Laminate Theory

Classical laminated theory is a descriptive method for analyzing composite laminates. It can be
used to anticipate the structure response of the laminate as a consequence of mechanical loads
[25]. However, the classical laminated theory was utilized in this study to predict the MOE of the
CLT using the calculated elastic properties. The theoretical prediction of the MOE of the CLT was
performed to give a comparison between the theoretical, numerical, and experimental values. This

comparison is intended to shed light on the use of theoretical and numerical work.

To predict the theoretical flexural modulus of the CLT, MOE [ l, the bending stiffness matrix [D] is

computed using the classical laminate theory [25]. The matrix [D] is calculated as follows:

D11 D12 D16
[D]= D12 Dzz Dze [1-10]
D16 D26 D66
1 N
U]‘§z *Z3., -2, i,j=126 [1.11]
k=1

Where k is the lamina number, N is the number of the layers, and Zx is the coordinate of the k-th

lamina. [Q] is the off-axis reduced stiffness matrix, and it is calculated as follows:

B Qn Q12 Q16
[Q] = @12 sz 926 [1.12]
Qe Q26 UWes

where

Q11 = Qyym* + 2(Qq2 + 2Qgs)m*n? + Qy,n*
Q12 = (Qq1 + Q22 — 4Q6s)M’n” + Q12 (m* +n*)
Q16 = (Q11 — Q12 — 2Q6e)M*n + (Q12 — Q22 + 2Qgs)n’m [1.13]
Q22 = Qun* +2(Q12 + 2Q6e)Mm?n? + Q2om
Q26 = (Q11 — Q12 — 2Q6e)n’*m + (Q12 — Q22 + 2Q66)m’n
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Qss = (Q11 + Q22 — 2Q15 — 2Q¢6)m?*n* + Qg (m* + n*)

m=cosf , n=sinf
G = 1—-vvp
0., = vprEr
12 1—-vvr
Czz = 1-vrvp
Qé6 = Gir

Therefore, the theoretical flexural modulus of the CLT, MOE [ Lis computed using the following

equation:

12(D11D22 - D122)

fl_
MOE/[" = Do

[1.14]

where H is the total thickness of the laminate.

1.6 Results and Discussion

1.6.1 Experimental Results

1.6.1.1 Static Bending Tests Results

The force-displacement response of the clear spruce specimens is shown in Figure (1.9). The MOE
in the longitudinal direction was calculated for each specimen, a summary of the results is
presented in Table 1.2. The mean and standard deviation (SD) values of MOE were 10.91 + 0.73
GPa with coefficient of variation (COV) of 6.67%. The average MOE was then used to estimate
the other elastic properties using Equation (1.6). In addition, the mean and SD of MOR were 70.00
+ 6.48 MPa with a COV of 9.25%. The failure type was observed to be a combination of simple

tension and cross-grain tension as illustrated in ASTM D143-22 [15].
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The moisture content (MC) was calculated for each specimen using the oven dry method, a
summary of the results is presented in Table 1.2. Once the test was done, a small section
approximately 25 mm (1 in.) in length was cut from each specimen near the failure point for

moisture content calculation. The mean and SD of MC were 9.02 + 0.28 % with a COV of 3.14%.

Force (N)
H
(&)
o
o

1250 —— Specimen 1
——Specimen 2
1000 ——Specimen 3
Specimen 4
750 Specimen 5
500 —Spec?men 6
—— Specimen 7
250 ——Specimen 8
—— Specimen 9

0

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Displacement (mm)

Figure 1. 9 Force-displacement curves for the static bending tests of clear wood samples
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Table 1. 2 Summary of the results for static bending tests of clear wood samples

Sample ID MC % MOE (GPa) MOR (MPa)
1 9.04 10.32 75.17
2 9.39 11.40 70.51
3 9.34 10.90 67.32
4 8.97 10.04 59.60
5 8.53 12.28 83.45
6 8.74 11.12 69.76
7 9.04 10.67 67.53
8 8.89 11.35 67.95
9 9.27 10.06 68.68
Mean 9.02 10.91 70.00
SD 0.28 0.73 6.48
Ccov 3.14% 6.67% 9.25%

1.6.1.2 CLT Flexural Tests Results

The MOEcrt and MORctrr of the CLT were calculated for each specimen. The mean and SD of

MOEcrr and MORcrr were 9.14 £+ 1.65 GPa and 39.16 + 6.59 MPa with a COV of 18.01 % and

16.84 %, respectively. Also, the proportional limit (PL) was obtained for all tested specimens and

the average value was 4.42 kN with a COV of 12.27%. This proportional limit was used in the

next chapter, creep behavior testing.

The density and MC for each specimen were measured. A small section near the failure point was

cut to determine the density and moisture content. The mean and SD of MC were 12.01 £ 0.18 %

with a COV of 1.47%. A summary of the results is presented in Table 1.3.
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Table 1. 3 Summary of the flexural tests results of CLT beams

MOEcLT MORcLr Densit
CLTID MC % GPa) (MP3) PLKN) | (o /m%’
1 12.0 9.30 39.84 4.60 485
2 11.8 10.52 43.01 4.20 488
3 11.8 6.35 28.18 3.70 532
4 12.3 11.05 45.02 5.10 449
5 12.1 8.75 34.59 4.00 445
6 12.0 8.90 44.30 4.90 498
Mean 12.01 9.14 30.16 4.42 483
SD 0.18 1.65 6.59 0.54 3221
CoV 1.47% 18.01% 16.84 % 1227% | 7.00%

The failure modes of three CLT beams are shown in Figure (1.10). Shear and rolling shear failure
modes were observed after the third point bending tests in all tested specimens. However, a
combination of tension and rolling shear failures were observed in two specimens as shown in

specimen 3.
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Specimen 3

Figure 1. 10 Failure modes of some CLT specimens

1.6.2 Numerical Results

1.6.2.1 Elastic Properties Computations

The MOE in the longitudinal direction was determined experimentally as presented in Section
1.6.1.1. The experimental value of MOE was obtained by performing static bending tests using
clear spruce wood specimens. The average value of MOE was used to calculate the other elastic
properties by using Bodig and Jayne [17] relationship and Equation (1.7), which are presented in
Section 1.4.1. The material properties of spruce wood, which are used for the numerical

simulations, are estimated, and presented in Table 1.4.
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Table 1. 4 The elastic properties of Spruce

Elastic properties Value Source

EL (GPa) 10.91 Experiment

EE Eggg 82;‘;2 Bodig & Jayne relationship
VRT 0.558
VRL 0.038 Santaoja et al. [26]; Mirianon et al. [27]
VIL 0.015
VLT 0.300
VLR 0.475 Equation [1.7]
VTR 0.349

Grr (GPa) 0.7322

Grr (GPa) 0.7789 Bodig & Jayne relationship

Grr (GPa) 0.0779

1.6.2.2 Flexural Simulation Results

The numerical flexural force-deflection response for the 3-ply CLT beam is shown in Figure (1.11)
and compared with experiment. The presented average experimental curve is for the two specimens
presented in the figure since the full data was recorded only for these two specimens. As shown in
the figure, the simulation response is slightly under predicted compared to the average response of
the experiment. Also, based on the implemented damage model, the non-linear region was not

captured as seen in the experimental curves.

8000 = = =Specimen 1
Specimen 2
7000 Average Experiment
Simulation
6000
\
- 5000 \
: \
S 4000 \
o \
L

3000
2000
1000

0
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Deflection, mm

Figure 1. 11 Numerical flexural force-displacement response of CLT beam compared to experiment
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The elastic properties are validated with experiment by predicting the CLT flexural modulus E [ :
using the classical laminated theory. This validation is performed to ensure that the estimated
elastic properties in Table 1.4 predict the CLT modulus close to the experimental value. The
experimental CLT bending modulus was determined in Section 1.6.1.2 and presented in Table 1.3.
The experimental value is the average of six specimens. To predict the CLT flexural modulus E [ L
the theoretical expressions are illustrated in Section 1.5, and Equation (1.14) was used. Table 1.5
summarizes the flexural modulus results of experiment, simulation, and theoretical results of the
CLT bending modulus. As shown in the results, there is a 14.18 % difference between experiment
and theory. As known, wood is a natural composite material, and many factors influence its
properties. Thus, the experiment results are influenced by the moisture content of the wood, and
some defects that could be present in the wood but not accounted for in the classical laminate
theory prediction. However, the FE CLT model predicted E [ " and MOR, and the simulated results

showed good correlation with experiment with a difference of 5.10% and 2.41%, respectively.

Table 1. 5 Summary of the modulus of elasticity and modulus of rupture of the CLT beam

. Simulation 0/ s
Experimental (%Difference) Theory (% Difference)
El' (GPa) 9.14 8.69 (5.10%) 10.54 (14.18%)
MOR (MPa) 39.16 40.11 (2.41%) -

1.7 Conclusion

The flexural response of thin CLT beams was investigated using experiment and computational
simulations. Third point bending tests of CLT beams were carried out in accordance with ASTM
D198. Material properties of Spruce wood were determined and the flexural response of CLT
beams was presented. In addition to the experiment work, a finite element model of CLT beam
was developed to analyze its behavior under flexural loading. A progressive damage model was

adopted using the Hashin failure criterion to predict the failure and damage mechanism of timber.
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The numerical results were validated by comparison with the experimental results. Excellent
agreement was observed in terms of the MOE and MOR of the CLT beam between the numerical
model and experiment. The numerical and experimental MOE were 8.69 GPa and 9.14 GPa,
respectively with a difference of 5.10 %. In regards of MOR, the numerical and experimental

values were 40.11 MPa and 39.16 MPa, respectively with a difference of 2.41%.

The current FE model could be improved by defining plasticity along with the Hashin failure
criterion to illustrate a better prediction of the non-linear region of the flexural response of the CLT
beam. Another important improvement that needs to be made to the numerical model is to adopt a
criterion, i.e., using cohesive elements tool available in ABAQUS, to model as well as evaluating
the adhesive layer or/and delamination between layers. This would help to accurately capture the

flexural response and failure mechanisms.
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CHAPTER 2: Creep Performance of Scaled-Down Cross-Laminated Timber Beams Under

Elevated Relative Humidities

2.1 Introduction

For timber buildings to be used for their entire intended lifespan, it is necessary to guarantee both

the load capacity and the serviceability of buildings. During the building service life, the structural

element must support the short-term as well as the long-term (or permanent) loadings. In particular,

permanent loads cause the resistance of the timber elements to decrease and deformation to

increase (creep behavior). The long-term performance of wood is mostly affected by creep

behavior. The typical creep deformation with time subjects to three stages: first stage, secondary

state, and tertiary stage till failure [1]

Primary/first
stage

Deformation

(Figure 2.1).

Fracture

Secondary
stage

Elastic

G < Ojipy

Time

Figure 2. 1 Three phases of creep and the influence of stress loading on the evolution of deformation with time [27]
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Creep in wood can be separated into two main categories, viscoelastic creep and mechano-sorptive
creep. Viscoelastic creep is defined as the deformation with time at constant load under constant
environmental conditions, i.e., constant temperature and relative humidity (RH). Also, it is named
normal creep [2] which typically shows continuous increase in creep deformation with time as
shown in Figure 2.1. The normal creep has been the subject of many investigations, which have
examined the influence of stress ( [3] and [4]), temperature [5], and moisture content [6]. The
normal creep behavior of wood and wood plastic composites has long been studied using the
widely accepted Burgers model ( [7], [3], and [8]) in rtheology theory (Figure 2.2) in a combination
of experimental measurements. Rheology is the study of the flow of matter and rheological models
can be used to describe time-dependent viscoelastic behavior of viscoelastic materials, including
timber, polymers, and adhesives. As seen in Figure 2.2, the Burgers model combines a Maxwell
model and a Kelvin model connected in series, which consist of spring and dashpot elements ( [9]

and [10]).

Maxwell model Kelvin model

K,
—\NVVNV—

N de

Figure 2. 2 Schematic diagram of four-element Burgers model [3, 7, 8]
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Mathematically, the four-element Burgers model is often expressed as follows [2]:

Et) = e, tegete, =0 [2.1]

b [1 ( Eae t>+ ‘
Ee Ede Nde Ny

where ¢ is the total creep strain; €e, €4e and &v are elastic strain, viscoelastic strain and viscous
strain, respectively. o 1is stress, Ee is instantaneous modulus of elasticity, Eqe is modulus
of viscoelasticity, ¢ is time after loading, nq4. is viscosity of Kelvin-Voigt dashpot in Burgers model
and 1y is viscosity of Maxwell dashpot in Burgers model. The effectiveness of the Burgers model
and modified model on the normal creep has been examined by many researchers. As stated, this

viscoelastic model is only valid with the assumptions of constant temperature and RH conditions.

However, the temperature and relative humidity (RH) in the environment are always changing
over time, resulting in timber/wood structures absorbing or desorbing moisture throughout their
service life. When the timber/wood is under a constant loading condition, creep deformation that
occurs in varying RH and temperature environment is called mechano-sorptive creep [2]. The
mechano-sorptive impact has the potential to greatly accelerate the creep deflection of a timber
element and cause failure in a variety of environmental conditions ( [11], [12], [13], and [14]). In
Figure 2.3, we can observe that while the overall trend of creep deformation is increasing over
time, there is a noticeable rapid increase in creep deformation during moisture desorption with the
drop in RH (i.e., from 89% to 42%), aside from the initial RH increase, and a slight decrease in
creep deformation during moisture adsorption with the increase in RH (i.e., from 42% to 89%)
[14]. This poses a challenge in designing the deflection limits of timber structures over their
lifespan due to the fact that wood is a hygroscopic material, which causes the Burgers model to

underestimate the creep deformation. Therefore, the prediction of long-term creep effects is of
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crucial importance to structural engineers when designing timber structures, considering ambient

relative humidity and temperature fluctuations.
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Figure 2. 3 Creep deflection of poplar (Populus euramevicana) under the RH cycles of 42%-89%-42% [14]

To solve this challenge, researchers at the Technical Research Centre of Finland (VTT) first
developed a numerical analysis method to simulate creep deformation of wood using ABAQUS
[15]. The VTT analysis method is suitable for problems where the mechano-sorptive creep has a
major influence on the total deformation. The VI T method was developed to evaluate three strain
components, linear elastic strain, free moisture expansion, and mechano-sorptive creep. The
viscoelastic creep was excluded because of computational difficulties, and its influence on the
results compared to the mechano-sorptive creep was not noticeable. There is an effort put into the

computational simulations of the hygro-mechanical creep behavior of timber elements as shown
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in [10]. The authors developed a fully coupled moisture-stress finite element model to evaluate the
viscoelastic, mechano-sorptive (recoverable and irrecoverable components), moisture-induced
strains of fiber reinforced polymer reinforced timber elements when subjected to long-term and
changes in relative humidity loads. An additional component was presented, modified
irrecoverable mechano-sorptive strain, this component is expected to occur when there is increase
in the moisture content of the timber to another level/percentage. The presented creep model
showed an accurate prediction of the creep deflection of the CLT beams in both constant and

variable environments.

This study was intended to evaluate the creep behavior of cross-laminated timber (CLT). CLT is a
building system which is an interest in North American construction. CLT panels consist of several
layers of lumber boards stacked crosswise (typically at 90 degrees). It is an engineered wood-based
solution that complements the existing light frame and heavy timber options and is a suitable
candidate for some applications that currently use concrete, masonry, and steel systems. CLT is an
innovative wood product that was introduced in the early 1990s in Austria and Germany and has
been gaining popularity in residential and non-residential applications in Europe [16]. A typical
use of CLT panels is as load carrying plate in structural buildings such as walls, floors, and roofs.
In the case of floors and roofs CLT panels, some important characteristics that must be considered
are short-term and long-term behaviors such as creep deformation, instantaneous deflection, and

the strength of panel for permanent loading.

Considering the layout of lumber pieces in CLT panels, their deflection may behave differently
from that of a single piece of solid timber or lumber and glulam beams when subjected to constant
mechanical loading and varying RH and temperature conditions. There is a lack of sufficient
published information on the mechano-sorptive creep deformation of CLT beams. Therefore, this

study aims to fill this knowledge gap. In this chapter, the goal was to develop a 3D finite element
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(FE) model with detailed information to simulate the long-term machano-sorptive creep behavior
of CLT beams under a static bending condition and elevated RH levels. To achieve this goal, the

following objectives were achieved:

1) Conduct a lab-scale creep experiment using the scaled-down CLT beams under a static

bending and elevated RH levels of 30%, 60%, and 90%.

2) Develop an FE model to simulate transient moisture transfer in the CLT beam to obtain the

moisture distribution profile with time.

3) Develop an FE model to simulate the mechano-sorptive creep behavior of the CLT beam
with the increase of RH from 30% to 60%, and then to 90%, and validate the numerical

creep deflection with experiment.

2.2 Experimental Creep Test Setup

This section presents the setup, materials, instrumentations used, and loading and environmental
conditions for the creep experiment. Two scaled downed CLT beams were investigated to evaluate
their creep behavior under different relative humidity (RH) levels for three months. The dimension
of CLT beams was scaled down to ensure the testing could be carried out in a temperature and RH

controlled environmental chamber with limited space.

2.2.1 Materials

Spruce lumber sourced from the local supplier was used to fabricate the CLT beams for the creep
behavior experiment. Loctite® PR 3105 PURbond primer and Loctite® PURbond HB X602
adhesive, from Henkel Adhesives, were used as the adhesive system for the CLT fabrication.
Chapter 1, Section 1.2, illustrates detailed information for the determination of scaled-down factor,

lumber preparation, primer and adhesives used, and CLT billet fabrication. The CLT beams were
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cut from the master billet with dimensions of 63.5 mm (2.5 in.) x 38.1 mm (1.5 in.) x 787.4 mm

(31 in.) (width x thickness x length).

2.2.2 Creep Testing Setup

The creep test was conducted using a third point bending test setup by placing the CLT specimens
on a custom-made test frame. The configuration and geometry of the test specimens are illustrated
in Figure 2.4. The span-to-depth ratio of CLT was 18. The specimens were supported by rounded
wood bars from the two ends. The wood bars were mounted on the frame to prevent the bars from
moving or rotating. The testing frame was placed in an environmental chamber as shown in Figure

2.5.
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Figure 2. 4 Sketch of the test configuration and specimen's geometry
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Figure 2. 5 Creep testing frame

2.2.3 Instrumentations

The instruments used for the creep behavior investigation included multiple channel portable data
logger, linear variable inductive transducer (LVIT), Onset HOBO temperature/RH data logger,
humidifiers, humidity controller, and power supply. LVIT position sensors from Omega™ with a
range of 0 to 20 mm were used to measure the CLT beams deflection during the creep test. The
LVIT devices were installed to measure the deflection from the center base of the specimens. The
reading from the LVIT sensors was recorded using eight channels programmable data logger. Also,

two humidifiers were placed inside the chamber and controlled using an INKBIRD humidity
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controller. The temperature and RH inside the chamber were recorded for the entire duration of

the test using Onset HOBO temperature/RH sensor.

2.2.4 Environmental Conditions and Loading

The creep test was performed in a conditioning chamber under 3 different RH levels, 30 %, 60 %,
and 90 %. The total testing period was 3 months, the initial relative humidity (RH) was set at 30%
for one month, then increased to 60% for another month, and finally to 90% for a third month.
The temperature of the chamber remained constant at 22 + 2 °C. Before starting the creep test, the

chamber was checked for a couple days to ensure it reached the target initial RH and temperature.

Before the creep test, the CLT beams were conditioned in another environmental chamber at a
constant temperature of 23 = 2 °C and RH of 53 = 5 % for about 8 weeks. The CLT beams were
loaded with steel weights. The load level applied was 30% of the proportional limit (PL) of the
CLT beams. The PL was obtained experimentally by performing flexural tests on similar CLT
specimens, and the results of the flexural tests were presented in Chapter 1, Section 1.6.1.2. The
average PL value was 4.417 kN from 6 tested CLT specimens. Therefore, a load of 1.325 kN (135
kg or 297 1bs.) was applied for each tested CLT beam. Steel chains were used to load or hang the

weights on the CLT beams as shown in Figure 2.6.
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Figure 2. 6 Experimental creep test setup

2.3 Numerical Model of Mechano-Sorptive Creep of CLT Beams

In this section, the details of a 3-dimensional FE model are presented which is developed to
simulate the long-term creep behavior of thin CLT beam. The numerical model intends to evaluate
the total strain when subjected to external loadings and relative humidity changes with time. The

FE model is developed using the finite element package ABAQUS [17].
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2.3.1 Moisture Diffusion Model
The moisture diffusion process in the interior of wood material was assumed to follow Fick’s law
[18] as shown in Equation [2.2].

Ju

el = V(D V) [2.2]

where u is the moisture content (MC) of wood, t is the time, D is the moisture diffusion coefficient,
and the interior of the wood denoted by Q. The density of wood in this form of Fick’s law was
considered to be constant. For a more realistic description of moisture diffusion in 3D wood
structures, the value of D in the three directions should be defined. The diffusion coefficients in
the longitudinal direction Dr. and transverse direction Dt were adopted in this study from Zhou et
al. [19] and Fortino et al. [20], respectively. The expressions of Dr and Dr are presented in
Equations [2.3] and [2.4], respectively. For the radial direction, Dr = Dt was assumed.

mz
D;(u) = 2.88x 107 7e** (T) [2.3]

2

Dr(w) = Dy (u) = 8.64x 1077 e** (mT) [2.4]

Fick’s law is analogous to Fourier’s law of heat transfer. The expression of Fourier's law is

presented in Equation [2.5].

oT
chE N =V(VT) [2.5]

where p, A, T, and cr are the density, thermal conductivity, temperature, and specific heat of wood,

respectively. Because of the relation between Fourier’s law and Fick’s law, the moisture diffusion

36



process can be simulated and analyzed in the finite element package ABAQUS. Therefore, the
moisture diffusion and mechanical behavior assessment of wood material can be achieved by using
the coupled temperature-displacement analysis step available in ABAQUS. Using the relation
between Equations [2.2] and [2.5] and putting c7= I and A=pD to implement the moisture transfer

process in ABAQUS and be able to perform moisture-stress investigation.

In the case of the rate of moisture flow between the surface of the wood and the surrounding

environment is governed by the following expression:

qn = psu(uEMC - usurf) [2.6]

where g, is the moisture flow across the boundaries, S, is the coefficient of surface emission, uzuc
is the equilibrium moisture content of wood corresponding to the surrounding environment, and
usurr 1s the moisture content of the wood surface. The coefficient of surface emission, S, is a
function of the moisture content, u, where it defines the rate of moisture content exchanged across

the boundaries of wood. In the present work, the surface emission presented in Hanhijarvi [21],

S, = 1.152 x 10*¢" was used.

In the case of the equilibrium moisture content (EMC) of wood, ugy,, there have been a lot of
work to develop a mathematical equation of the ugy, in the past few years. Toratti [4], Hanhijarvi

[21], Becker [22], and Martensson [23] presented different expressions to evaluate the ugyc.

e The EMC of wood expression according to Toratti is a function of RH as shown in the

following equation:

B 0.01 x RH
HEMC = 70,00084823xRH? + 0.11665xRH + 0.38522

[2.7]
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e The EMC of wood expression according to Hanhijarvi is a function of temperature, T, and

RH as shown in the following equation:

—Tx In(1—h) T7*/110

2.8
0.13[1 — T/647.1]-646 [2.8]

uEMC = 001(

where T is in Kelvin, and h = %RH/100.

e The EMC of wood expression according to Becker is an exponential function of RH as
shown in the following equation:
Upme = 0.113 x RH*S* + 0.192 x =057 (RH-D-1)*

[2.9]
+ 0.09 x e~0-5(20.5(RH-1)-1)?

e The EMC of wood expression according to Martensson is a function of RH as shown in

the following equation:

= (0.2439353898 (RH)6 +0.1276829904 (RH>5
Ueme = U 100 ' 100
+ 0.09340840267 (RH )4 0.464828494 (RH )3 [2.10]
' 100 ' 100 '

2

+ 0.1208946628 (RH> + 0.1948280174 (RH)
' 100 ' 100

The four expressions of the EMC of wood presented above in Equations [2.7] — [2.10] are plotted
against experimental Dynamic Vapor Sorption (DV'S) adsorption data of spruce tested at 25°C, see

Figure 2.7.
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Figure 2. 7 Plot of the equilibrium moisture content of wood using different expressions

In this study, for the numerical model implementation, the equilibrium moisture content equation
presented in Hanhijarvi [21] was adopted since its results correlate well with the DVS results. The
load at the surface of the wood was implemented in ABAQUS through a DFLUX user subroutine

to apply a defined time dependent relative humidity boundary condition.

2.3.2 Strain Components

The FE model was developed in ABAQUS to evaluate the total strain experienced in wood when
subjected to mechanical loading, moisture content induced expansion or shrinkage loading, and
temperature induced expansion or contraction loading. The total strain includes five separate strain
components where the five strain components are solved using an incremental analysis with time.

The total strain, &;,¢4;€Xpression is given in Equation [2.11].

Etotal = Ee T ET & + Eps + Ecr [2.11]
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e is the elastic strain component
Er is the thermal strain component
& is the moisture induced strain component

Ems  1s the mechano-sorptive strain component

&  1sthe creep strain component

2.3.2.1 Elastic Strain Component

The elastic strain, &, follows Hooke’s law as illustrated in Equation[2.12].

€o = S,0 [2.12]
1 v vk o o o]
Er Er E;
VRrT 1 Uit
A L 0 0 0
_Vr _Vn 1
£ E £ 0 0 0
S, = R T L 1 [2.13]
0 0 0 Gon 0 0
0 0 0 0 1 0
GRL
1
0 0 0 0 0 —
Gy ]

where 6 is the stress vector, Se is the orthotropic compliance matrix as presented in Equation [2.13].
The subscript in Equation [2.13] L, 7, and R refer to the longitudinal, tangential, and radial
directions, respectively. E;, Gij, and v (i, j = L, T, and R, and i #j) are the modulus of elasticity,
modulus of shear, and Poisson’s ratio, respectively. Santaoja et al. [15] suggested adjusting the
elastic and shear modulus properties in the numerical model when the environmental conditions

are different from the referenced conditions. Therefore, the modulus of elasticity and shear in the
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three directions, L, 7, and R, are assumed to be proportional to the density, temperature, and

moisture content of wood as stated in Equation [2.14].

E; = Ei,ref[1 + al(p - pref) + aZ(T - Tref) + a3(u - uref)]
[2.14]

Gij = Gij,ref[1 + al(p - pref) + aZ(T - Tref) + a3(u - uref)]

where E; crand G;; rorare the reference elastic and shear moduli, respectively, which correspond
to the reference density prer, moisture content .1, and temperature, Trer. p, # and 7" denote to the
current density, moisture content and temperature, respectively, at any given time step in the FE
model. a4, @,, and a3 are modulus of elasticity increment coefficients in relation to density,
temperature, and MC, respectively, where a; = 0.003, a, = —0.007 and a3 = —2.6 were

obtained from Santaoja et al. [15] and Mirianon et al. [24].

2.3.2.2 Moisture-Induced Strain Component
The moisture strain occurs when there is moisture change within the wood material. The moisture

strain component is evaluated using the following expression:

& = a,Vu [2.15]

where Vu is the increment of moisture content, and «a,, is the moisture expansion coefficient in the
three directions (radial [R], tangential [T], and longitudinal [L]) and it is illustrated in Equation
[2.16]. The values of the moisture expansion coefficient are obtained from literature [10] and

presented in Table 2.1.

a, = [%ur Aur i 0 0 0] [2.16]
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2.3.2.3 Thermal Strain Component

The thermal-induced strain is evaluated using Equation [2.17].

er = apVT [2.17]

where VT is the increment of temperature, and a is the thermal expansion coefficient in the three
directions (radial [R], tangential [T], and longitudinal [L]) and it is illustrated in Equation [2.18].
The values of the moisture expansion coefficient are obtained from literature [19] and presented

in Table 2.1.

ar=[rr Arr @rr 0 0 0]7 [2.18]

It is stated that the temperature in the creep experiment was set at a constant temperature of 22°C
with slight fluctuations within = 2°C. The influence of temperature induced wood expansion or
contraction is the least. However, it has remained in the equation of total strain calculation to

demonstrate the FE model developed to be a general model.

2.3.2.4 Mechano-Sorptive Strain Component

Mechano-sorptive strain occurs only when moisture condition is changing. Therefore, in this case,
the mechanical behavior is moisture rate dependent, and the performance will be a function of its
past history at any moisture content under load. The mechano-sorptive strain component is

evaluated using the expression found in Santaoja et al. [15] and illustrated in Equation [2.19].

t
Ems = J Smsou dt [2.19]
0
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where S,,,s 1s the mechano-sorptive compliance matrix and  is the moisture content rate. S,
comes in two forms depending on the sign of u. The two forms of S,,; are shown in Equation

[2.20].

_(Shks u>0
Sms = {S;LS <0 [2.20]
where S;f¢ and S, are obtained from Santaoja et al. [15] and shown in Equation [2.21].
0 0 O 0 0 0
[O 0 O 0 0 O}
+ _10 0 -4 O 0 0 -9 p.—1
Sms—|0 0 0 o0 0 0|X10 Pa
l0 0o 0 0 -8 0 J
0 0 0 O 0 -8
[2.21]
[—10 10 0 0 0 0 1
| 10 -20 O 0 0 0 |
- _|o 0 —-05 0 0 0 | 8 p, -1
S = | o o o -100 o o|¥0Pa
[ 0 0 0 0 -1 0 J
0 0 0 0 0o -1

2.3.2.5 Creep Strain Component
The creep strain can be evaluated using the expression presented in Zhou et al. [19], and it is

defined as follows:

NG do(t')
Eer = Scr(t) Tdt [222]
0

where Sc(t) is the creep compliance matrix. Sc(t) can be evaluated using Ormarson’s approach

[25] which describes the creep behavior of Kelvin-Chain body, and the expression is as follows:
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N
Ser(® = Y (1- e‘(%)) Se=RcS, [2.23]
n=1
where Rc is the relative creep, N is the number of Kelvin elements, ¢, is the series factor, and 1, is
the retardation time. In the current study, the creep strain was excluded from evaluating the total
strain due to the lack of parameters needed to evaluate the creep strain, which are often obtained
from empirical model by doing a creep test under constant temperature and RH. The current

experimental design had a limitation, it lacked this type of creep testing. Also, the creep strain can

be negligible because its influence is not noticeable as the mechano-sorptive strain [26].

2.3.3 ABAQUS User-Subroutine UMAT

The user-defined subroutine UMAT was originally encoded by Santaoja et al. [15]and it was
adopted in this study with some modifications to define the material behavior such as the elastic,
moisture, thermal, and mechano-sorptive strains. All the formulations in Section 2.3.2 are

evaluated in UMAT subroutine. For more details on the implementation of UMAT can be found in

Santaoja et al. [15] and Zhou et al. [19].

2.3.4 Numerical Model Development

2.3.4.1 Model Geometry

A 3-dimensional FE coupled moisture-displacement model was developed in ABAQUS to assess
the creep behavior of scaled down CLT beams under elevated RHs. The FE CLT model consisted
of 3 layers (0°, 90°, 0°), and it was developed with 3D deformable solid elements. The dimensions
of the CLT beam were 63.5 mm x 38.1 mm x 787.4 mm (width x thickness x length). The material
orientation of the plies was defined using the available tool in ABAQUS. A local coordinate system
was defined for each ply. Then, each ply was assigned a material orientation based on the local

coordinate system of the ply.
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The FE CLT beam was meshed using the coupled temperature-displacement elements. The element
type used was the 8-node thermally coupled brick, trilinear displacement, and temperature C3DS8T.

Fully integrated elements were used with number of elements of 83,790.

The numerical creep simulation setup was similar to the experimental creep test setup which is
illustrated in Figures 2.4 and 2.6. However, in the numerical model, the solid cylindrical supports

were omitted to simplify the numerical model and try to reduce the computational time.

2.3.4.2 Material Properties
The elastic properties used were determined and presented in Chapter 1, Section 1.6.2.1. The

material data of timber implemented in the numerical model are summarized in Table 2.1.
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Table 2. 1 Material properties of timber implemented in the numerical model

Notation Description Value Source
EL (GPa) Longitudinal MOE 10.905 Experiment
Er (GPa) Tangential MOE 0.5453 Bodig & Jayne
Er (GPa) Radial MOE 0.8724 relationship [1]
VRT Poisson’s ratio radial-tangential 0.558 Santaoja et al.
VRL Poisson’s ratio radial-longitudinal 0.038 [15]and Mirianon
VIL Poisson’s ratio tangential-longitudinal 0.015 etal. [24]
VLT Poisson’s ratio longitudinal-tangential 0.300
VLR Poisson’s ratio longitudinal-radial 0.475 Equation [1.7]
VIR Poisson’s ratio tangential-radial 0.349
Grr (GPa) | longitudinal-tangential shear modulus 0.7322
Bodig & Jayne
GLr (GPa) longitudinal-radial shear modulus 0.7789 relationship [1]
Grr (GPa) radial-tangential shear modulus 0.0779
pref (kg/m?) Reference density 400
Tret (°C) Reference temperature 20 O’Ceallaigh et al.
uref (%) Reference moisture content 12 [10]
ursp (%) Fiber saturation point 28
a1 (m3/kg) Density coefficient 0.0003 Santaoja et al.
a2 (1/°C) Temperature coefficient -0.007 [15] and Mirianon
et al. [24]
a3 Moisture content coefficient -2.6
du Longitudinal m01s.ture expansion 0.0122
coefficient
i i i O’Ceallaigh et al.
T Tangential moisture expansion 0.2525 callaigh et a
coefficient [10]
Olu,R Radial moisture expansion coefficient 0.1371
arL(1/°C) Longitudinal thermal expansion 3.75x10°
coefficient
arr(1/°C) Tangential thermal expansion 33 75¢10°6
coefficient
Zhou et al. [19]
arr (1/°C) Radial thermal expansion coefficient 24.35x10°°

Di(u) (m?/h)

Diffusion coefficient in longitudinal

2.88x 107 7%t

Dr(u)= Dt(u)
(m?/h)

Diffusion coefficient in Radial &
Tangential

8.64 x 107 7%

Fortino et al. [20]
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2.3.4.3 Boundary Conditions

The FE model was developed to represent a third-point bending test setup. The boundary
conditions applied to the FE model are shown in Figure 2.8. The FE CLT beam was simply
supported with two constraints included to prevent the CLT beam translating and rotating in the
other directions (Y and Z directions) but allow the beam to deflect. Additionally, a constant load
of 1.325 kN was applied, which is 30 % of the proportional force/stress limit found and presented

in Chapter 1.

An initial moisture content of 12 % was assigned to all the nodes of the FE model because the CLT
beam specimens were conditioned in the environmental chamber at 23 = 2 °C and 53 + 5 % RH
with a corresponding EMC of 12% before testing. As a hygroscopic material, the ambient
temperature and RH change can result in MC of wood to reach a new EMC, creating moisture flux
in or out of the wood. The interaction between CLT beam surface and ambient temperature and
RH was achieved by defining a time-dependent RH load which was applied through the exposed
surfaces of the beam. The exposed surfaces include all six surfaces of the FE beam. The RH loading
profile was the same as the experimental setup. It was achieved by implementing the moisture
diffusion model presented in Section 2.3.1 in ABAQUS by using a user defined subroutine

DFLUX.

Also, although the temperature was set at 22°C, slight temperature fluctuations still occurred in
the environmental chamber, its influence was also considered in the FE model with some
simplifications. First, the initial temperature of 23 °C was assigned to the all the nodes of the FE
CLT beam. Then, a time-dependent temperature load of 22 + 2 °C in terms of a Sine wave curve
(initial amplitude of 22 °C and frequency of 0.5236 rad/hour) was assigned to all nodes of the
elements of the CLT beam and it should be noted that all surfaces of the beam were exposed to the

ambient environment. This was achieved by creating a Predefined Field in ABAQUS.
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Figure 2. 8 The boundary conditions used in the numerical model

2.4 Results and Discussion

2.4.1 Experimental Results

The experimental results of the monitored temperature and RH of the environmental chamber and
the creep deflection of scaled-down CLT beams are shown in Figures 2.9 and 2.10, respectively.
As seen in Figure 2.9, the temperature remained around 22 °C with a slight decrease of 1 to 2 °C
over the three-month period. The large upward spikes seen in the temperature curve might be
caused by either unplanned power outages or times when the environmental chamber had to be
opened to assess the assembly. In contrast, the RH of the environmental chamber was well
controlled within a small variation of 5 % by the two humidifiers at three target levels of 30%,
60%, and 90%. Some significant downward spikes were observed, possibly due to a malfunction

in one of the two humidifiers or due to a power outage.
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Figure 2. 9 Temperature and relative humidity of the testing chamber

Figure 2.10 presents the deflection results of two CLT beams along with the average data of the
two beams. The overall trend of the creep deflection of two beams increased over time after the
instant elastic deformation. Although the two CLT beams were cut from two different locations of
the same CLT panel, beam 2 (blue, solid line) shows a larger deflection compared to beam 1 (red,
solid line). This is due to the difference in the modulus of elasticity (MOE), beam 1 is stiffer with
an MOE of 8.0 GPa and beam 2’s MOE is 6.4 GPa. The MOE was obtained using the load at the
30% of PL and the corresponding instant elastic deflection measured by LVIT. It is pointed out
that the CLT beams were conditioned at 23 £ 2 °C and 53 + 5% RH, which corresponding EMC is
about 12%. When the beams were placed in the chamber at a RH of 30% for one month, the CLT
beams were subjected to a moisture desorption process, i.e., a decrease in moisture content. If the
CLT beams could reach an equilibrium status, the moisture content of the CLT beams should be

around 5 to 6 % MC (Figure 2.7). Then in the following two stages of 60% RH and 90% RH, only
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moisture adsorption occurred in the CLT beams, the corresponding EMC of the CLT beams at 60%

RH and 90% RH should be around 12% and 18%, respectively (Figure 2.7).

It should be noted that when the first moisture adsorption occurred as the RH was increased from
30% RH to 60% RH, the two CLT beams showed a slight decrease in deflection to different degrees
in a very short period, as seen in the local area of A. Then creep deflection was recovered to
increase, and the big increase noticed in deflection in the local area of B for the CLT beam 2. This
is due to the readjustment of the LVIT extension rod, which was stuck for a certain amount of time.
When the second moisture adsorption took place at 90% RH, a sharp increase in deflection was
clearly seen at the beginning of the 90% RH period in CLT beams 1 and 2, followed by a slower
increase rate. Overall, the increase in deflection at a high RH level was more significant than that

at a low RH level.

Beam 1

—— Beam 2

Ave Expt.

A

90% RH

m«\« 2

Deflection, mm
Foy

60% RH

30% RH

16-Oct-23 01-Nov-23 16-Nov-23 01-Dec-23 16-Dec-23 01-Jan-24 16-Jan-24 01-Feb-24 16-Feb-24
Time

Figure 2. 10 Experimental creep deflection results of the CLT beams
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2.4.2 Numerical Results

This section provides results summary and discussion for the moisture content distribution and
creep deflection of the FE CLT beam. Since it is widely agreed that temperature has little influence
on the expansion or contraction of the CLT beam, resulting strain and creep deflection are minimal.

Hence, the temperature distribution is not reported and discussed further in this context.

2.4.2.1 Moisture Content Distribution in the FE Model

Figures 2.11, 2.12, and 2.13 show the predicted moisture content distribution of the CLT beam
(full model and half section) at the end of the 30%, 60%, and 90% RH, respectively. The initial
moisture content was assumed to be 12% because the CLT beams were conditioned at 23 + 2°C
and 53 + 5% RH in the environmental chamber. As expected, the moisture content of the CLT
beam did decrease to about 6% at the end of the 30% RH testing period because of moisture
desorption. Then, due to moisture adsorption, it did increase to about 11% and 20% at the end of
the testing period of 60% and 90% RH, respectively. The simulated moisture content values of the
CLT beam at three RH levels aligned with the EMC readings from the EMC curve of spruce wood
measured using DVS at 25°C. From the moisture content distribution in the middle lamina of CLT
beam, i.e., the core of the CLT beam, at three RH levels, a relatively uniform moisture distribution
was observed. It means that the one-month conditioning time is long enough to allow the whole

piece of CLT beam to reach an equilibrium status.

Figure 2.14 shows plots of the FE CLT beam MC from three different locations, edge, core of the
mid span, and top surface of mid span. During the 30% RH, the MC reading from the edge of the
FE CLT decreased rapidly to about 6%, and then increased rapidly to about 11% and 20% during
the 60% and 90% RH, respectively. The edges lose and gain MC rapidly compared to other
locations and the numerical model can predict the MC of the CLT accurately. For the other

locations, as expected the core of the CLT loses and gains MC gradually compared to the top
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surface or/and edge. In general, the FE model predicted the moisture content well. The experiment
could be improved by revising the setup to place paired CLT beams for moisture content check at
different locations using a moisture meter over a three-month period to validate the transient

moisture diffusion model further.
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Moisture content
distribution
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=
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Figure 2. 11 Moisture content distribution of the FE CLT after the 30% RH testing period
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Figure 2. 12 Moisture content distribution of the FE CLT after the 60% RH testing period
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Figure 2. 13 Moisture content distribution of the FE CLT after the 90% RH testing period
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Figure 2. 14 Plot of moisture content of the FE CLT model from three different locations

2.4.2.2 Creep Deflection of the FE Model

The creep deflection of the CLT beam obtained from the numerical model is plotted and compared
with experiment as shown in Figure 2.15. Overall, the simulated results (red, solid line) agreed
well with the average experimental data (black, solid line). Table 2.2 lists the elastic deflection,
creep deflection results at the end period of 30% RH, 60% RH, and 90% RH, as well as the
difference between experimental and simulated results. The FE model predicted the initial elastic
deflection well with an experimental mean initial deflection of 3.38 mm compared to the numerical
model deflection of 3.06 mm. The difference between experimental and simulated results is about
9.9 %, which may be caused by the differential in MOE of the input value and real CLT specimens
tested. Additionally, at the end period of three RH levels, the difference between the deflection of
experimental and simulated results was about 2.9 %, 2.7 %, and 4.4 %, respectively. In general,
the total simulated long-term deflection of the CLT beam is in good correlation with the average
experimental result. Even though the FE model used the material parameters obtained from
published data, it is great to see the parameters including moisture diffusion coefficients, surface

emission coefficient, moisture induced expansion and shrinkage coefficients, and coefficients of

54



mechano-sorptive compliance matrix could be used to simulate the creep evolution of spruce wood

under RH fluctuations.
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Figure 2. 15 The numerical creep deflection of the CLT beam compared to the mean experimental result

Table 2. 2 Comparison between the experimental and numerical deflection

Experiment FE Model Percentage
Deflection Extracted
(mm) (mm) Difference (%)
Elastic phase 3.38 3.06 9.94
End period of 30% RH 5.14 5.29 2.88
End period of 60% RH 6.00 5.84 2.70
End period of 90% RH 7.39 7.07 4.43
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2.5 Conclusion

The creep behavior of CLT beams were investigated using numerical simulations and validated
with experimental data. The CLT beam was loaded simultaneously with constant dead load and
elevated three levels of relative humidities, 30%, 60%, and 90%. The FE model predicted the MC
distribution of the CLT very well. The MC of the FE CLT beam decreased to about 6% at the end
of the 30% RH testing period. Then, it did increase to about 10.9% and 19.9% due to moisture
adsorption at the end of the testing period of 60% and 90% RH, respectively. The predicted MC
values of the CLT beam aligned well with the readings from the EMC curve of spruce wood
measured using DVS at 25°C. Furthermore, the numerical creep deflection of the CLT beam
correlated well with experiment, as indicated by the simulated results closely matching the
experimental results at four checkpoints, with a difference of less than 10%. It should be noted that
the computational model excluded the viscoelastic creep or creep strain from evaluating the total
strain, and still the FE model gave good prediction of the creep behavior of CLT beam. This
supports the fact that the mechano-sorptive strain was dominated. In general, the FE results
correlated well with experimental data by utilizing a combination of experimental measurements

(MOE in the longitudinal direction) and published data on materials.

One important improvement to the current FE model could take into consideration the difference
in moisture diffusion coefficient during the adsorption phase and desorption phase by establishing
an empirical equation using DVS experimental data . Also, to incorporate the viscoelastic strain,
the proper properties or constants of the tested material must be defined to predict the viscoelastic
creep well. These improvements would help to simulate the creep behavior more accurately. In
addition to the FE model improvements, a sensitivity analysis can be performed using the FE creep

model to determine the influence of each strain component on the creep behavior.
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