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1 INTRODUCTION 
Originally developed in Europe, self-tapping screws (STS) have become the proprietary fastener 
of choice in recently built mass timber buildings in North America. STS offers some advantages 
over other types of fasteners, such as (a) installation of STS inside wood members is easier as it 
does not require pre-drilling of holes inside members, (b) the yield moment, torsional strength 
and tensile strength of STS is comparatively high as the material forming the screw is usually 
hardened after rolling the thread, (c) the stiffness of the resulting connection is higher and the 
chances of slipping are less (Frese and Blass, 2009), and (d) STS with long threaded lengths 
makes it feasible for use in large structural members, e.g., mass timber products. 

STS can be either partially threaded or fully threaded, as shown in Figure 1. Partially threaded 
screws are often utilized in cases where screws are subjected to lateral loading or head pull-
though is a critical design consideration, while fully threaded screws are preferred in axial 
loading or near-axial loading conditions (MTC Solutions, 2020). The self-tapping tip at the nib of 
the screw facilitates the self-drilling capability of self-tapping screws and eliminates the need for 
pre-drilling holes for the insertion of the self-tapping screws. The elimination of pre-drilled holes 
contributes to greater withdrawal resistance of the screws. The shank cutter, usually present in 
partially threaded screws, reduces the torque requirement for screw installation and makes the 
screw installation easier. It also allows the wood member to settle freely around the shank of 
the screw. The head of the screw can have different shapes depending on the intended use of 
the screw. The most common types of screw heads are countersunk, cylindrical, and washer 
heads, as shown in Figure 2. 

 

Figure 1. Parts of a self-tapping screw (MTC Solutions, 2020) 

 

   
Figure 2. Different types of screw heads (MTC Solutions, 2020) 
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Figure 3 shows the parameters that are used to define the geometry of self-tapping screws. D is 
the thread diameter of the screw, Dr is the root diameter of the screw, LTip is the length of the 
self-tapping tip, LThread is the length of the threaded part of the screw, and L is the total length of 
the screw. 

 

Figure 3. Screw geometry (MTC Solutions, 2020) 

Recently, issues have been raised on failures of STS due to shrinkage and swelling of wood 
products resulting from moisture content changes, particularly during construction in the 
coastal climates. Failures of STS have been reported by structural engineers and contractors of 
several mass timber projects in NA. This has greatly increased the liability of practitioners 
involved in mass timber construction. 

The failures of STS would compromise the structural integrity of mass timber construction as 
connections are generally the governing factor for the strength and stiffness of a structure. The 
failures of STS can be caused by wood swelling resulting from wetting during construction and 
shrinkage resulting from drying, particularly in building operations. Detection and replacement 
of failed STS is challenging, time-consuming and costly. It is critically important that structural 
engineers take into consideration the impact of MC changes on connections using STS in the 
design. So far, no reliable data are available for engineers to safely predict the behaviour of 
connections when there is a change of MC. 

This project will investigate the material properties of several types of mass timber products and 
self-tapping screws. These material properties will be used in an analytical and numerical 
prediction model to describe the behaviour of self-tapping screws in mass timber products 
under moisture content variation.  Work plan for this project is as follows: 
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Table 1. Work plan of the project 
Major activity Outcome 
Literature review  Summary of previous studies 
Mechanical properties of STS (tensile strengths, 
elongation) 

Properties of STS, input parameters for 
modelling 

Assessing swelling coefficients and moisture 
transport properties of mass timber products  

Swelling coefficients of mass timber 
products, input parameters for 
modelling 

Withdrawal strength of mass timber products at 
different and varying MC 

Withdrawal properties due to change of 
MC, input parameters for modelling 

Analytical and numerical modelling of stress 
distribution of STS with varying MC 

Prediction of STS failure due to change 
of MC  

Report/paper summarising the material properties  Academic paper/technical report 

2 OBJECTIVES 
The main objectives of the research work presented in this report were to: 

• Develop design guidelines to prevent failures of STS used in mass timber construction 
• Prevent breakage of STS resulting from wetting during construction 
• Minimize withdrawal of STS resulting from drying of mass timber in building service 
• Develop quantitative information to assist engineers in designing connections using STS 

3 STAFF 
Chun Ni, Ph.D., P.Eng. Lead Scientist, Building Systems 
Jieying Wang Senior Scientist, Building Systems  
Paul Symons, P.Eng. Innovation Support Specialist, Building Systems 
Gordon Chow Senior Technologist, Smart Manufacturing 
Mehsam Tanzim Khan Graduate student, University of Alberta 

4 LITERATURE REVIEW 
Currently, limited information is available on the influence of varying moisture content on the 
behavior and performance of STS. A few of the recent studies in these areas are summarized 
below. 

Pirnbacher et al. (2009) investigated moisture content and temperature during the installation 
of screws and during withdrawal tests on the effect of withdrawal strength of STS. C24 solid 
timber and GL28h glue-laminated timber (glulam) of strength class, both made from sitka 
spruce, were used in this study.  

Withdrawal strength of STS at moisture content levels of 0%, 6%, 12% and 20% was studied. The 
results indicated that the withdrawal capacity is almost constant with lumber at moisture 
content from 8% to 12%. The withdrawal capacity decreases linearly with the increase of 
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moisture content from 12% to 20%. The effect of moisture content above the fiber saturation 
point was not investigated. The effect of moisture content can be expressed by an adjustment 
factor as follow: 

𝑘𝑘𝑀𝑀𝑀𝑀 = � 1.00 if 8% ≤ MC ≤ 12%
1.00 − 0.0065(𝑢𝑢 − 12) if 12% < MC ≤20%    

𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀 = 𝑘𝑘𝑀𝑀𝑀𝑀 . 𝑓𝑓𝑎𝑎𝑎𝑎,12 

where 
𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀 - withdrawal strength at target moisture content  
𝑓𝑓𝑎𝑎𝑎𝑎,12 - withdrawal strength at 12% moisture content  

 
The temperature at the installation of screws and during withdrawal tests were varied among -
20⁰ C, 0⁰ C, 20⁰ C and 50⁰ C. Although no effect of temperature was observed on the withdrawal 
strength of STS up to 50° C, it was noted, the brittle nature of the failure was amplified when the 
surrounding temperature was near 0° C. Thus, it was advised to install STS at temperatures well 
above 5°C.  

Angst and Malo (2012) examined the effects of using STS on moisture-induced stresses arising in 
glulam exposed to wetting and drying. Glulam made from Norway spruce, comparable to 
strength class GL30c, and screws with a diameter of 8 mm was used in the study. The specimens 
were subjected to 90% relative humidity (RH) for wet exposure and 50% RH for dry exposure, 
respectively.  

The experimental results show that the perpendicular to grain strain across the glulam specimen 
with STS reinforcement were lower than that in the unreinforced specimen. Furthermore, the 
difference in strain between the reinforced and unreinforced specimen were found to increase 
over time. For the drying case, the tensile stresses arising at the outer sides of the glulam were 
amplified due to STS reinforcement, which implies STS has a negative effect in glulam during 
drying. In the wetting case, the overall perpendicular to grain tensile stress in the glulam was 
found to be reduced by 30-70% due to the STS reinforcement. The overall stress arising during 
drying were significantly lower than that during wetting. The study also indicated that the stress 
developed in the screw during wetting exposures might be very close to the tensile strength of 
the screws, however, the stress developed in the screws were not explored in their study. 

Ringhofer et al. (2014) investigated the influence of varying moisture content on the withdrawal 
resistance of STS in solid timber and CLT, made of Norway spruce. For solid timber, the screws 
were inserted at 0° and 90° to the grain direction. Moisture contents around 0%, 6%, 9%, 12%, 
15%, 18% and 21% were studied. For CLT, the screws were inserted at an angle of 90°. Moisture 
contents around 8%, 12%, and 18% were studied.  

In the study, the test specimens were prepared in the following order: 1) conditioning the 
specimen to 12% moisture content, 2) installing the screws, 3) conditioning the specimen to the 
target moisture content. The specimen was subjected to withdrawal tests after the target 
moisture content was achieved.  For comparison, a control group of solid lumber specimen with 
STS installed and tested at target moisture content of 18% was also conducted. It was found that 
the mean and median values of the withdrawal strength of the control group did not deviate 
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significantly from those of the specimen which was first pre-conditioned to a 12% moisture 
content and subsequently to the final moisture content of 18% after installation of screws. This 
finding implies that the withdrawal strength of screw inserted into solid timber is not affected 
by pre-conditioning to 12% moisture content, provided the final moisture content is the same. 
Nonetheless, this finding is only valid for the target 18% moisture content for screw inserted 
into solid timber.  

For STS inserted into solid timber, it was found that the withdrawal strength increased with the 
increase of moisture content from 0% to 8%, the withdrawal strength was almost constant for 
moisture content between 8% and 12%, and the withdrawal strength decreased with the 
increase in moisture content from 12% to 20%. It was suggested that the withdrawal behavior of 
glulam under moisture content variation is very similar to that of solid timber. 

For STS inserted into CLT, it was found that the withdrawal strength was constant for moisture 
content between 8% and 12%, and the withdrawal strength decreased with the increase in 
moisture content from 12% to 18%. However, the rate of decrease of the withdrawal strength 
with the increase in moisture content was lower for screw inserted into CLT than that inserted 
into solid timber.  

Two models, a bilinear and a non-linear model, were proposed to capture the effect of moisture 
content on the screw withdrawal strength from the tests. For both models, a factor, 𝜂𝜂𝑢𝑢 was 
proposed to predict the withdrawal strength at a given moisture content. The mean value of the 
withdrawal strength determined at a moisture content of 12% was taken as the reference point 
for the factor. The bilinear model is given by the following equation:  

𝜂𝜂𝑢𝑢 =
𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀

𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀=12,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚
= � 1.00 for 8% ≤ MC ≤ 12%

1.00 − 𝑘𝑘𝑀𝑀𝑀𝑀(𝑘𝑘𝑘𝑘 − 12) for 12% < MC ≤ 20% 

Table 2. 𝑘𝑘𝑀𝑀𝑀𝑀 values 
𝒌𝒌𝑴𝑴𝑴𝑴 Angle of Inclination Type of Wood Member 

0.036 0° Solid Timber  
0.031 90° Solid Timber 
0.017 90° CLT 

 

The bilinear model is suitable for service class 1 and 2 conditions according to EN-1995-1-1 
(2004). The non-linear model is given by the following equation: 

𝜂𝜂𝑢𝑢 =
𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀

𝑓𝑓𝑎𝑎𝑎𝑎,𝑀𝑀𝑀𝑀=12,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚
= 𝜂𝜂0 +

𝑘𝑘𝑘𝑘 + 𝑘𝑘1 ∙ 𝑘𝑘𝑘𝑘𝑁𝑁

𝑘𝑘2 + 𝑘𝑘3 ∙ 𝑘𝑘𝑘𝑘 + 𝑘𝑘4 ∙ 𝑘𝑘𝑘𝑘𝑁𝑁  for 0% ≤ MC ≤ 20% 
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Table 3. Input parameters (dimensionless) for the non-linear model 
Angle of 

Inclination 𝜼𝜼𝟎𝟎 𝒌𝒌𝟏𝟏(
× 𝟏𝟏𝟎𝟎−𝟔𝟔) 𝒌𝒌𝟐𝟐 𝒌𝒌𝟑𝟑 𝒌𝒌𝟒𝟒(

× 𝟏𝟏𝟎𝟎−𝟔𝟔) 𝑵𝑵 

0° 0.96 -2.34 53.6 5.44 4.36 5.94 
90° 0.88 -3.42 54.8 1.37 9.13 5.50 

Both 0.92 -9.13 55.5 1.99 1.92 5.30 
 
Silva et al. (2016) carried out a study to quantify the effects of different moisture contents, 
varying relative humidity cycles, and the gaps of CLT panels on the withdrawal resistance of STS 
inserted on the panel face of CLT. The CLT used in the test program was produced from C24 
spruce. 

The samples in this study were conditioned in two different ways, (a) conditioning at a constant 
moisture content level (b) conditioning to continuous cycles of different moisture content levels. 
For conditioning at a constant moisture content, three different moisture content levels of 8%, 
12% and 18% were considered. For observing the effect of continuous cycles of different 
moisture content levels, test specimens were subjected to a six-month period of humidity 
cycles, in which relative humidity was alternately varied between 30% RH and 90% RH at 
intervals of 21 days, followed by stabilization to approximately 14% moisture content. For the 
same configuration of CLT, with the application of the varying relative humidity cycle, no 
significant effect on the withdrawal resistance was observed as compared to the case without 
application of the varying relative humidity cycle. Compared to the withdrawal resistance at 12% 
moisture content, CLT specimens without any gaps along the screw path and with 4 mm gaps 
exhibited no change in withdrawal resistance at 8% moisture content, while a slight decrease 
was observed at 18% moisture content. On the other hand, CLT specimens with 4 mm gaps 
exhibited a significant decrease of withdrawal resistance at 8% moisture content, compared to 
the withdrawal resistance at 12% moisture content. However, the decrease became less 
pronounced at 18% moisture content, especially with the increase in the number of gaps. 

Gutknecht and MacDougall (2019) studied the withdrawal resistance of STS inserted parallel-to-
grain in Canadian timber species. Though the effect of moisture content was not the objective of 
their study, they carried out withdrawal tests of STS under dry and wet condition of the 
specimen and after subjecting the specimen to dry-wet-dry cycle. The moisture content for dry 
condition was between 6% and 7%, while for wet condition it was 28%. Screws of diameters 10 
mm and 12 mm and Select Structural grade Douglas fir and ungraded eastern white pine lumber 
were used in the test program. 

Results show that screws inserted into wet Douglas fir samples exhibited 15% lower withdrawal 
strength than dry samples. Moreover, Douglas fir samples subjected to a dry-wet-dry cycle 
exhibited a 49% reduction of the withdrawal strength compared to the dry samples.   
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5 MECHANICAL PROPERTIES OF SELF-
TAPPING SCREW 

5.1 Materials 
Screws from two manufacturers were tested. Table 4 and Figure 4 show the screw 
configurations that were tested. For each screw configuration, the number of specimens tested 
is mentioned in Table 4.  

Table 4. Screw configurations 

Screw Name Screw 
Type Head Type 

Thread 
Diameter 

(mm) 

Root 
Diameter 

(mm) 

Length 
(mm) 

Number of 
specimen 

ASSY 6-200 ASSY Cylindrical 6 3.8 200 6 
ASSY 8-160 ASSY Countersunk 8 5 160 6 

ASSY 10-200 ASSY Countersunk 10 6.2 200 8 
ASSY 12-200 ASSY Countersunk 12 7.1 200 6 
VGS 9-360 VGS Countersunk 9 5.9 360 8 

VGS 11-200 VGS Countersunk 11 6.6 200 9 
VGS 13-200 VGS Countersunk 13 8 200 11 
VGZ 5-160 VGZ Cylindrical 5.6 3.8 160 6 

VGZ 11-250 VGZ Cylindrical 11 6.5 250 6 
 

 

Figure 4. Screw specimens (before the tensile test) 
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5.2 Test Setup 
The screws were subjected to tensile tests using a universal testing machine. An ad-hoc adapter 
was prepared using a steel channel (HSS 5”×5”×0.5”) section and a steel bearing plate was used 
to anchor the head of the screw inside the channel section. The adapter used is shown in Figure 
5.   

 
Figure 5. Adapter made from steel channel section with a hole in the middle to accommodate the screw 

Dies were used to grip the thread of the ASSY screws, as shown in Figure 6. For the other screws, 
a gripping device was utilized to grip the screw thread. The complete test setup with the 
specimen fitted inside the test fixture is shown in Figure 7. In the figure, the gripping device is 
shown on the top. The elongation of the specimen was recorded with an extensometer attached 
to the thread of the screw and the applied load was measured by the load cell of the machine.  

Two different extensometers were used in the test program. For ASSY 6-200, ASSY 8-160, ASSY 
12-200 and VGZ 5-160 screws, MTS model 632.11 extensometer with a gauge length of 1-inch 
(25.4 mm) was used. For the rest of the screws, Epsilon Model 3543 extensometer with 2-inch 
gauge length was used. The load was applied to the specimen under displacement control at a 
rate of 0.5 inches/min. All the samples were loaded to failure. 

  
Figure 6. (Left and middle) two different types of dies used 
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Figure 7. Complete screw tensile test setup 

5.3 Results and Discussion 

5.3.1 Stress-strain Curve 
The following section describes the mean tensile properties of each of the tested screw 
configurations. The discrete values of the concerned tensile property of each specimen can be 
found in the appendix. The data analysis was carried out using Origin (OriginLab, 2020) software. 
The screw samples that gave load-deformation graphs with a higher degree of non-linearity in 
the initial portion before the yielding, and which did not have any clear failure point were 
treated as outliers. The load-displacement curves were recorded at the rate of approximately 3 
data points per second. The load-displacement curves were converted to stress-strain curves. To 
calculate the stress, the load at each data point was divided by the initial cross-sectional area of 
the root area (core part, excluding the threads) of the screw. To determine the strain, the 
change in length at each data point was divided by the gauge length over which the 
displacement was measured. The effects of transverse strain and changing cross-section were 
ignored in calculating the axial stress in this test program. This can be justified by the negligible 
difference between the true stress-strain curve and the engineering stress-strain curve, as 
shown for one of the specimens in Figure 8. The engineering stress-strain curve does not 
consider the change in the cross-sectional area upon the action of axial stress. The true stress-
strain curve, on the other hand, considers the change in the cross-sectional area of the root area 
of the screw.  
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Figure 8. Engineering and true stress-strain curve 

None of the samples exhibited any yield plateau nor any discrete yield points. Thus, to 
determine the yield strength, the 0.2% offset method was used according to ASTM E8/E8M 
(2016). The stress-strain curve for the different configurations of the screw is exhibited in Figure 
9. 
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Figure 9. Stress-strain curves of different screw configurations 

5.3.2 Young’s Modulus 
The Young’s modulus was determined by finding the slope of the fitted line of the initial linear 
portion of the stress-strain curve (ASTM E111, 2017). Table 5 lists the mean values of Young’s 
modulus and coefficient of variation for each of the tested screws.  

Table 5. Mean and coefficient of variation of Yong’s modulus 

Screw Configuration Mean Young’s Modulus 
(GPa) Coefficient of Variation (%) 

ASSY 6-200 211.6 6.8 
ASSY 8-160 208.2 3.8 

ASSY 10-200 225.3 3.3 
ASSY 12-200 217.8 3.2 
VGS 9-360 216.5 6.4 

VGS 11-200 253.8 12.1 
VGS 13-200 226.6 11.8 
VGZ 5-160 235.8 6.5 

VGZ 11-250 226.3 11.1 
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5.3.3 Yield Strength 
In this study, yield strength was determined using the 0.2% offset method according to ASTM 
E8/E8M (2016). In this method, a straight line is drawn parallel to the initial linear portion of the 
stress-strain curve. The intersection point of this line with the stress-strain curve gives the value 
of the yield strength. The method for determining the Young’s modulus and the yield strength is 
illustrated in Figure 10.  The mean yield strengths and coefficient of variation for each of the 
tested screws are given in Table 6. 

 
Figure 10. Yield point determination 

Table 6. Mean and coefficient of variation of yield strength 
Screw Configuration Mean Yield Strength (MPa) Coefficient of Variation (%) 

ASSY 6-200 1186.5 1.5 
ASSY 8-160 1192.7 1.3 

ASSY 10-200 1277.0 1.4 
ASSY 12-200 1203.0 1.3 
VGS 9-360 1284.3 3.0 

VGS 11-200 1335.4 2.5 
VGS 13-200 1093.2 3.4 
VGZ 5-160 1262.5 1.5 

VGZ 11-250 1177.5 1.9 
 

5.3.4 Ultimate Tensile Strength 
The ultimate tensile strength was determined in accordance with ASTM E8/E8M (2016). Table 7 
summarizes the mean ultimate tensile strength and coefficient of variation for each of the 
tested screws.  
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Table 7. Mean and coefficient of variation of ultimate tensile strength 

Screw Configuration Mean Tensile Strength 
(MPa) Coefficient of Variation (%) 

ASSY 6-200 1302.4 2.5 
ASSY 8-160 1296.8 1.4 

ASSY 10-200 1369.6 1.2 
ASSY 12-200 1290.3 2.1 
VGS 9-360 1393.7 3.3 

VGS 11-200 1469.4 3.7 
VGS 13-200 1176.5 3.8 
VGZ 5-160 1361.9 1.8 

VGZ 11-250 1198.8 0.7 
 

5.3.5 Strain at Ultimate Tensile Strength and Failure 
Tables 8 and 9 show the mean strain at ultimate tensile strength and failure, respectively. It can 
be noticed that the coefficient of variation of the strain values is high compared to that of yield 
or ultimate strengths. In addition, test results show that the coefficient of variation of strain at 
failure is much higher than that of strain at ultimate tensile strength. This may be due to the 
reason that the failure region may or may not fall within the gauge length of the extensometer. 
When failure occurs within the gauge length of the extensometer, a larger strain at failure will 
be recorded; otherwise, a smaller strain than the actual value at failure will be recorded. Since 
failure occurred outside the gauge length of the extensometer for most of the tested screws, 
the measured strain at failure is smaller than the actual strain at failure.  

Table 8. Mean and coefficient of variation of strain at the ultimate tensile strength 

Screw Configuration Mean Strain at Ultimate Tensile 
Strength (%) 

Coefficient of Variation  
(%) 

ASSY 6-200 2.72 22.7 
ASSY 8-160 2.00 15.3 

ASSY 10-200 1.58 4.3 
ASSY 12-200 1.83 16.3 
VGS 9-360 2.13 11.6 

VGS 11-200 1.66 14.2 
VGS 13-200 1.61 34.9 
VGZ 5-160 1.99 3.5 

VGZ 11-250 0.9 20.7 
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Table 9. Mean and coefficient of variation of strain at failure 
Screw Configuration Mean Strain at Failure (%) Coefficient of Variation (%) 

ASSY 6-200 2.97 25.6 
ASSY 8-160 2.73 64.7 

ASSY 10-200 1.6 4.3 
ASSY 12-200 2.08 27.7 
VGS 9-360 2.4 17.6 

VGS 11-200 1.68 14.3 
VGS 13-200 1.71 34.6 
VGZ 5-160 2.05 4.5 

VGZ 11-250 1.14 41.9 
 

5.3.6 Necking 
Most of the specimens failed without any significant necking, as can be seen in Figures 11-13. 
This can also be confirmed by the small difference between the engineering and true stress-
strain curves. Usually, necking causes a large discrepancy between the engineering and true 
stress-strain curve before the failure point. Since the failure of the specimen occurred without 
necking, the failure mode was brittle. The failure mode for ASSY, VGS and VGZ screws were the 
same. Also, the screw failure region gradually moved closer to the head of the screw with the 
decrease of the screw diameter.  

 

Figure 11. Failure in 6 mm diameter screw 
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Figure 12. Failure in 8 mm diameter screw 

 

Figure 13. Failure in 12 mm diameter screws 

6 PREDICTION OF MOISTURE CONTENT 
DISTRIBUTION IN MASS TIMBER 
PRODUCTS 

The main objective of this part of the project is to propose an efficient and convenient method 
to predict the internal moisture content distribution of CLT and glulam. For this purpose, the 
moisture diffusion process of two common mass timber products, CLT and glulam was 
investigated. The research is comprised of the following chronological steps: 
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• Development of a computer program to numerically determine the effective diffusion 
coefficient  

• Determination of the effective diffusion coefficient of the individual laminates of CLT and 
glulam from the moisture content readings during moisture adsorption (laminate phase) 

• Development of a finite element model of full-scale mass timber products with the 
determined diffusion coefficients as input parameters 

• Prediction of the moisture content distribution from finite element analysis (FEA) under 
appropriate boundary conditions  

• Verification of the finite element model with the actual measurement of moisture content 
of the same size product at discrete locations (multi-layer phase) 

• Practical application of the finite element model  

Below the fibre saturation point, moisture exists in two states inside wood: as bound water 
inside the cell wall (liquid phase) and as water vapour in the cell lumen space (gaseous phase) 
(Plumb et al., 1985).  The change in surrounding moisture condition creates spatial moisture 
concentration variation inside the wood and acts as the primary driving force for the diffusion of 
moisture. For practical purposes, it is not imperative to differentiate between the liquid phase 
and the gaseous phase of water to describe the moisture diffusion process. To this end, Fick’s 
second law is adequate to describe this process. Fick’s second law of mass diffusion is given by 
equation (1). Equation (1) represents a one-dimensional mass transport model under unsteady-
state conditions. 

𝛿𝛿𝑢𝑢
𝛿𝛿𝛿𝛿

=
𝛿𝛿

𝛿𝛿𝛿𝛿
�𝐷𝐷

𝛿𝛿𝑢𝑢
𝛿𝛿𝛿𝛿

� (1) 

In equation (1), 𝑢𝑢 is the moisture content at a point inside the wood at any instant of time, 𝐷𝐷 is 
the effective moisture diffusion coefficient, which is considered as only a function of the 
moisture content in this study. The moisture diffusion coefficient is referred to as the effective 
diffusion coefficient as several parallel moisture transport processes occurring inside the wood 
have been simplified to one mass diffusion process described by Fick’s law. The determination 
of the diffusion coefficient poses a challenge due to the unsteady-state condition and the 
presence of a second-order derivative in equation (1).  

The one-dimensional mass transport model considers wood as a continuous and homogenous 
medium. However, there is a breach of this continuity at the outer surface of the wood. An 
implicit assumption required to make equation (1) valid is that all the evaporation/condensation 
of water takes place at the wood surface. There has been evidence that the surface of the wood 
can impart some resistance to the moisture flow (Salin, 1996). However, for the case of 
moisture adsorption, the surface resistance is very low and can be ignored (Shi, 2007). 

Due to its orthotropic nature, the value of the diffusion coefficient is different along the three 
orthotropic directions of wood. Moisture movement in the longitudinal direction of wood is 
typically 10-15 times faster than that in the transverse direction (St. Avramidis & Siau, 1987). In 
wood structures, it is often customary to take adequate measures to reduce moisture 
movement in the longitudinal direction to minimize wood splitting and checking (Ross & USDA 
Forest Service., 2010). Thus, moisture movement in only the transverse (radial and tangential) 
direction of wood is investigated in this research. Previously it has been observed that the 
diffusion coefficient along the radial and tangential directions are approximately equal 
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(Rosenkilde & Arfvidsson, 1997). The same value of diffusion coefficient along the radial and 
tangential directions is considered in this study. 

6.1 Material and Methods 

6.1.1 Sample Preparation and Conditioning  
Glulam made from Douglas Fir-Larch of stress grade 16c-E and Spruce-pine-fir (SPF) CLT of stress 
grade V2 were used in the test program. Individual laminates whose width direction aligned 
approximately with either the radial or tangential direction of the wood were cut out from the 
different layers of CLT and glulam (Figure 15). The dimensions of each laminate were 
approximately 260 mm (length) × 130 mm (width) × 38 mm (thickness). The laminates were 
coated with epoxy paint on four sides (on the end grain side and on the wide face sides) so that 
moisture could travel only along the width of the laminates. Thus, moisture diffusion was 
limited to either the radial or tangential direction. Since the diffusion coefficient in only the 
transverse direction of wood is of importance, the diffusion coefficient values of the laminates 
along the radial and tangential directions were determined. The laminates of all layers in glulam 
were of the same laminate grade, but the laminates of the longitudinal and transverse layers of 
CLT were of different grades. Thus, for glulam, one tested laminate was assumed to be 
representative of all the layers of glulam, whereas the laminates of the longitudinal and 
transverse layers of CLT had to be considered separately for finding the value of the diffusion 
coefficient.  

 

Figure 14. End grain of the laminates. The arrow direction of the second laminate indicates the radial 
direction, while the arrow direction in the bottom laminate indicates the tangential direction of the wood.  

Insulated moisture pins were installed inside the laminates with the tip of the pins near the mid-
height. Each pair of moisture pins were used to measure the moisture content at each discrete 
location by connecting them to a resistance-based moisture meter. Moisture pin-pairs were 
installed at three discrete locations along the width of the laminates (Figure 16). Symmetry 
conditions were assumed across the width of the laminates, and moisture content readings in 
only one-half of the laminate width were recorded. The laminates were initially in a relatively 
dry condition (7-9% EMC) and they were put in a conditioning chamber with 89-92% RH and 20⁰ 
C temperature (20-22% EMC). The initial moisture content at the three discrete locations and 
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the outer side surface were recorded. Then, continuous readings of the laminates during 
moisture adsorption in the conditioning chamber were taken for 1002.5 hours.  

 
Figure 15. Moisture pin-pairs installed at discrete locations of epoxy-coated glulam sample; the arrow 
indicates the direction of moisture flow 
 

6.1.2 Finite-difference Formulation of Fick’s Second Law, 
Computer software implementation and diffusion 
coefficient determination 

A finite-difference formulation of  Fick’s second law using the Crank–Nicolson finite-difference 
method (Crank & Nicolson, 1947) can be implemented to solve for the effective diffusion 
coefficient from known values of moisture content at discrete points of a specimen. This type of 
finite-difference formulation has been widely used in heat conduction problems (Chen et al., 
1996). For the one-dimensional mass transport model using Fick’s second law, symmetry 
conditions can be assumed across the thickness, length, and width of a specimen. If moisture 
moves along any of these directions of the specimen with a dimension of 2𝑎𝑎, Fick’s law can be 
written as: 

𝛿𝛿𝑢𝑢
𝛿𝛿𝛿𝛿

=
𝛿𝛿

𝛿𝛿𝛿𝛿
�𝐷𝐷

𝛿𝛿𝑢𝑢
𝛿𝛿𝛿𝛿

� ;  0 < 𝛿𝛿 < 𝑎𝑎, 𝛿𝛿 > 0 (2) 

Here, the origin of the coordinate system is at the outer surface of the specimen (𝛿𝛿 = 0), 𝑎𝑎 
represents half of the specimen dimension along which moisture transport takes place. For the 
finite-difference approximation, it is necessary to form a discretized finite-difference grid. The 
space domain is discretized with a width of ∆𝛿𝛿 into a specified number of sub-intervals, while 
the time domain is discretized with a width of ∆𝛿𝛿, an open boundary, and an unspecified final 
value. The value of moisture content at the grid points (𝛿𝛿𝑗𝑗, 𝛿𝛿𝑖𝑖) are assumed to be known. The 
moisture content and diffusion coefficient at a grid point is represented by the notation 𝑢𝑢𝑗𝑗

𝑖𝑖 and 
𝐷𝐷𝑗𝑗

𝑖𝑖 respectively, where the superscript 𝑖𝑖 represents the time domain (𝑖𝑖 = 0,1,2 … … …) and the 
subscript 𝑗𝑗 represents the space domain (𝑗𝑗 = 0,1,2 … … … 𝑛𝑛). The basic building block of the 
finite-difference formulation is based on the stencil shown in figure 14. From figure 14, it is 
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apparent that six grid points form one unit of the finite-difference grid. This type of formulation 
may be categorized as a propagation formulation. Once the initial and boundary conditions 
along the space domain are defined, the time domain can propagate from the initial state.  

 

Figure 16. Finite-difference formulation stencil 

The finite-difference approximation of Fick’s law for a specimen is given by Liu et al. (Liu et al., 
2001) as the following set of linear equations.  

At the surface grid point (𝑗𝑗 = 0, 𝛿𝛿 = 0) : 

(∆𝛿𝛿)2 
∆𝛿𝛿 �𝑢𝑢0

𝑖𝑖+1 − 𝑢𝑢0
𝑖𝑖 � = 𝐷𝐷0

𝑖𝑖 �𝑢𝑢2
𝑖𝑖 − 3𝑢𝑢1

𝑖𝑖 + 2𝑢𝑢0
𝑖𝑖 � + 𝐷𝐷1

𝑖𝑖 �𝑢𝑢1
𝑖𝑖 − 𝑢𝑢0

𝑖𝑖 � (3) 

At any internal grid point in the specimen (0 < 𝑗𝑗 < 𝑛𝑛, 0 < 𝛿𝛿 < 𝑎𝑎): 

4(∆𝛿𝛿)2 
∆𝛿𝛿 �𝑢𝑢𝑗𝑗

𝑖𝑖+1 − 𝑢𝑢𝑗𝑗
𝑖𝑖� = 𝐷𝐷𝑗𝑗−1

𝑖𝑖 �𝑢𝑢𝑗𝑗−1
𝑖𝑖 − 𝑢𝑢𝑗𝑗+1

𝑖𝑖 � + 4𝐷𝐷𝑗𝑗
𝑖𝑖�𝑢𝑢𝑗𝑗+1

𝑖𝑖 − 2𝑢𝑢𝑗𝑗
𝑖𝑖 + 𝑢𝑢𝑗𝑗−1

𝑖𝑖 � + 𝐷𝐷𝑗𝑗+1
𝑖𝑖 �𝑢𝑢𝑗𝑗+1

𝑖𝑖 − 𝑢𝑢𝑗𝑗−1
𝑖𝑖 � (4) 

At the centre of the specimen (𝑗𝑗 = 𝑛𝑛, 𝛿𝛿 = 𝑎𝑎): 

(∆𝛿𝛿)2 
∆𝛿𝛿 �𝑢𝑢𝑚𝑚

𝑖𝑖+1 − 𝑢𝑢𝑚𝑚
𝑖𝑖 � = 2𝐷𝐷𝑚𝑚

𝑖𝑖 �𝑢𝑢𝑚𝑚−1
𝑖𝑖 − 𝑢𝑢𝑚𝑚

𝑖𝑖 � (5) 

If the moisture content values at the grid points are known, this set of equations can be solved 
to get the value of diffusion coefficient, 𝐷𝐷𝑗𝑗

𝑖𝑖 at each grid point. In equations (3)-(5), at each time 
step, since 𝐷𝐷𝑗𝑗

𝑖𝑖 only appears in the initial 𝑖𝑖th time point, it can be represented by the subscript 𝐷𝐷𝑗𝑗 
alone. 

 

From the moisture content readings at the discrete locations, a continuous moisture content 
distribution along half of the width of the samples was modelled using the piecewise cubic 
Hermite interpolating polynomial in MATLAB software. This type of interpolating polynomial 
was chosen to avoid unnecessary oscillation of the recorded data and because of its 
computational efficiency. For the finite-difference formulation, the laminates were discretized in 
the space domain as shown in Figure 17 and the width of the sub-intervals, ∆𝛿𝛿 was set to 0.5 
mm. From the stencil of figure 14, it can be observed that a pair of time points form the basis of 
the finite-difference formulation. As the moisture content variation with time was slow, large 
time sub-intervals were used for the measurement of moisture contents. The width of the time 
domain of the finite-difference formulation, ∆𝛿𝛿 was varied for each pair of time points (each 
time step) and was set as the difference between the 𝑖𝑖th value of time point and (𝑖𝑖 + 1)th value 
of time point.  
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Figure 17. The finite-difference grid of the space domain of glulam sample 

To solve the linear set of equations (3)-(5), three arrays are defined such that: A is a banded 
matrix, D is a column vector of the unknown diffusion coefficients and B is another column 
vector. 

𝐴𝐴 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
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0 . . . 0 0 0
0 0 . . . 0 0
0 0 0 . . . 0
0 0 0 0 𝑎𝑎𝑚𝑚−1,𝑚𝑚−2 𝑎𝑎𝑚𝑚−1,𝑚𝑚−1 𝑎𝑎𝑚𝑚−1,𝑚𝑚
0 0 0 0 0 0 𝑎𝑎𝑚𝑚,𝑚𝑚 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

;  

𝑑𝑑 =

⎣
⎢
⎢
⎢
⎢
⎡
𝐷𝐷1
𝐷𝐷2.

..

.
𝐷𝐷𝑚𝑚⎦

⎥
⎥
⎥
⎥
⎤

 and 𝑏𝑏 =

⎣
⎢
⎢
⎢
⎢
⎡
𝑏𝑏1
𝑏𝑏2.
..
.

𝑏𝑏𝑚𝑚⎦
⎥
⎥
⎥
⎥
⎤

(6) 

The elements of the arrays 𝐴𝐴 and 𝑏𝑏 are defined as: 

𝑏𝑏1 = 𝐾𝐾�𝑢𝑢0
𝑖𝑖+1 − 𝑢𝑢0

𝑖𝑖 �; (7) 

𝑏𝑏𝑚𝑚 = 𝐾𝐾�𝑢𝑢𝑚𝑚
𝑖𝑖+1 − 𝑢𝑢𝑚𝑚

𝑖𝑖 �; (8) 

𝑏𝑏𝑚𝑚 = 4𝐾𝐾�𝑢𝑢𝑚𝑚−1
𝑖𝑖+1 − 𝑢𝑢𝑚𝑚−1

𝑖𝑖 � for 1 < 𝑚𝑚 < 𝑛𝑛; (9) 

𝑎𝑎1,1 = �𝑢𝑢2
𝑖𝑖 − 3𝑢𝑢1

𝑖𝑖 + 2𝑢𝑢0
𝑖𝑖 �; (10) 

𝑎𝑎1,2 = �𝑢𝑢1
𝑖𝑖 − 𝑢𝑢0

𝑖𝑖 �; (11) 

𝑎𝑎𝑚𝑚,𝑚𝑚−1 = �𝑢𝑢𝑚𝑚−2
𝑖𝑖 − 𝑢𝑢𝑚𝑚

𝑖𝑖 �
𝑎𝑎𝑚𝑚,𝑚𝑚 = 4�𝑢𝑢𝑚𝑚

𝑖𝑖 − 2𝑢𝑢𝑚𝑚−1
𝑖𝑖 + 𝑢𝑢𝑚𝑚−2

𝑖𝑖 �
𝑎𝑎𝑚𝑚,𝑚𝑚+1 = �𝑢𝑢𝑚𝑚

𝑖𝑖 − 𝑢𝑢𝑚𝑚−2
𝑖𝑖 �

�  for 1 < 𝑚𝑚 < 𝑛𝑛; (12) 

𝑎𝑎𝑚𝑚,𝑚𝑚 = 2�𝑢𝑢𝑚𝑚−1
𝑖𝑖 − 𝑢𝑢𝑚𝑚

𝑖𝑖 � (13) 

Where 𝑢𝑢𝑗𝑗
𝑖𝑖 notation is defined in section 2.2 and 𝐾𝐾 = (∆𝑎𝑎 )2

∆𝑡𝑡 
. The arrays 𝐴𝐴, 𝑑𝑑 and 𝑏𝑏 are related as:  

𝐴𝐴𝑑𝑑 = 𝑏𝑏 (14) 
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Equation (14) can be easily solved in MATLAB software for the values of the unknown diffusion 
coefficient values. A program was developed in MATLAB software for modelling the continuous 
moisture content distribution and solving equation (14) for the values of the diffusion 
coefficient. Copies of the software can be obtained from the first author.  

6.1.3 Multi-layer Sample Measurement and Finite Element 
Modelling 

Twelve layer glulam and CLT samples made from the same types of laminates were conditioned 
in the same conditioning chamber and the moisture content variation with time at different 
locations was recorded (Figure 18). The dimensions of the glulam were 260 mm x 130 mm x 442 
mm, and the dimensions of the CLT were 273 mm x 260 mm x 420 mm. In figure 18, each pair of 
moisture pins was used to measure the moisture content at each discrete location. The end 
grain of the top half of both glulam and CLT was sealed to prevent moisture transportation 
along the longitudinal direction (Figure 18).  

 
Figure 18. Large-scale glulam (right) and CLT (left) sample for verification, moisture flow was restricted to 
the transverse directions (indicated by arrows) for the top half of both glulam and CLT by end-sealing. The 
right end faces of CLT cross-layers were also end-sealed, as can be seen in the figure.  
 
The top half of the whole vertical cross-section of glulam and CLT was modelled using finite 
element analysis (FEA) software ABAQUS (Simulia, 2020). The end grain of the lower half of the 
samples was not sealed. To simulate this condition in the finite element model of the CLT, the 
bottom wide face of the lowermost layer of the top half was assumed to instantaneously 
achieve the EMC of the wood in the conditioning chamber. This assumption is justified by the 
fact that moisture transport in the longitudinal direction for the non-end grain sealed layers is 
10-15 times faster than that in the transverse direction (St. Avramidis & Siau, 1987). Since the 
samples were end-sealed, a 2D analysis was sufficient to model the variation of moisture 
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content distribution across the cross-section with time. The three orthotropic directions of 
wood were assigned local material orientations. Each layer of CLT and glulam was modelled as a 
continuous homogeneous layer. The ABAQUS model was analyzed with transient mass diffusion 
analysis, with the appropriate values of diffusion coefficient as input material property of each 
layer and the EMC of the wood in the conditioning chamber as the initial boundary condition. In 
ABAQUS, heat transfer elements are used for both heat transfer and mass diffusion analysis. 
Quadratic heat transfer (DC2D8) elements with an approximate mesh size of 4 mm for glulam 
and 1.5 mm for CLT were used. The results from the FEA were compared with the actual 
moisture content readings of the samples to validate the method of diffusion coefficient 
determination and to check the accuracy of the determined values. 

6.2 Results and Discussion  

6.2.1 Diffusion through Laminates 
The moisture content of the laminate was modelled as a continuous function as shown in figure 
19. Figure 19 shows the moisture content variation along the width of a glulam laminate for t = 
330.5 h (i-th time point) and 354.5 h (i+1-th time point). The piecewise cubic Hermite 
interpolating polynomial does not create any unwanted oscillation of the interpolated curve 
between the data points as can be seen in figure 19. Similar to Figure 19, the moisture content 
distribution of all the laminates for every time step was modelled. Then, for each time step, the 
diffusion coefficients along the radial and tangential (transverse) directions were determined 
using the program developed in MATLAB. The diffusion coefficient along the radial and 
tangential directions were approximately equal.  Thus, identical properties in radial and 
tangential directions were assumed. For glulam, the radial direction’s diffusion coefficient was 
taken as the representative value of the diffusion coefficient along the transverse direction as it 
yielded more stable results. For CLT longitudinal layers, the tangential direction, while for the 
transverse layers, the radial direction was taken as the representative value of diffusion 
coefficient along the transverse direction. 

 
Figure 19. Moisture content variation along the width of a laminate 

The variation of the transverse diffusion coefficient with the moisture content is shown in figure 
20.  Non-linear curve fitting was used to express the diffusion coefficient as a function of the 
moisture content. Exponential functions have been used to describe the relationship between 
the effective diffusion coefficient and the moisture content in several studies (Hukka, 1999) (S 
Avramidis et al., 1994). The non-linear curve fitting was conducted in OriginPro software and 
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among the different exponential curve-fitting functions available in the software, the form with 
the highest value of R-squared (coefficient of determination) was chosen. In figure 20, it can be 
noted that only data at a few time steps are plotted. The data at these specific time sub-
intervals were chosen since the data cover the typical range of moisture content in wood 
products, and these time steps yielded nearly consistent results.  
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Figure 20. Variation of the diffusion coefficient with the moisture content, subscript T refers to diffusion in 
the transverse direction 

The diffusion coefficient was found to decrease with the increase of moisture content during 
moisture adsorption, which is in agreement with the findings of Wu and Suchsland (Wu & 
Suchsland, 1996). This phenomenon occurs due to two reasons. As the moisture content inside 
wood gradually increases, moisture can only be transported as water vapour through the cell 
lumen space of wood. This reduces the moisture diffusion speed inside the wood and thereby, 
the diffusion coefficient decreases with increasing moisture content. Besides, the difference in 
partial vapour pressure of wood and the surrounding environment acts as a driving force for the 
moisture movement inside wood. When the moisture content inside wood increases, the 
difference in partial vapour pressures decreases and the moisture movement becomes slower, 
decreasing the value of the diffusion coefficient.  

If matrix A in section 2.4 is ill-conditioned, a small change in the B vector can significantly change 
the value of the determined diffusion coefficients. To this end, the importance of accurate 
moisture content measurement cannot be overemphasized. A small amount of reliable data 
collected over a few time steps is more important than having a large amount of unreliable data 
covering a lot of time steps (Liu et al., 2001). Finally, although temperature affects the value of 
the diffusion coefficient (St. Avramidis & Siau, 1987), the effects of temperature were not 
investigated in this research. This is an aspect that can be explored in future research.  

6.2.2 Modelling of Large-scale Samples and Verification with 
Experimental Measurements   

The diffusion coefficient and moisture content relationship shown in figure 20 was used to 
specify the diffusion material property in ABAQUS. The local 1 and 2 directions in ABAQUS 
represent the radial and tangential directions of the wood, respectively. Since the diffusivity 
coefficients in the radial and tangential directions are approximately equal, the same value was 
used for both directions. The diffusion coefficient along the local 3 direction (wood longitudinal 
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direction) was considered zero since moisture transport in the longitudinal direction is 
prevented. The moisture content was specified as concentration values in ABAQUS. The 
diffusivity of the adhesive between adjacent layers of the glulam and CLT was considered to be 
the same as that of wood according to Srpčič et al. (Srpčič et al., 2009), since in real-life 
scenarios, the diffusivity of the particular adhesive used in a timber product might not be 
known. A generalized version of Fick’s law was used for describing the moisture transport 
process. In the generalized version of Fick’s law, the solubility of the base material (wood) was 
taken as 1 since a value of solubility other than 1 is usually observed in the diffusion of gas 
through metals. Temperature and pressure effects on moisture diffusion were ignored. The 
results of the finite element analysis at time t = 504 h for glulam and at t = 816 h for CLT are 
shown in figure 21. 

The 2D mass diffusion analysis is very quick as it requires minimum computational resources and 
convergence issues usually do not arise. In practical engineering settings, for complex structural 
members, 3D mass diffusion analysis might be required higher resources and computation time. 
The results from the ABAQUS analysis were compared with the experimental moisture content 
measurements on the sample at discrete points. For the comparison, the locations of the 
discrete points were identified with a coordinate system having its origin at the top surface of 
the sample (figure 21). The ABAQUS solver uses the backward Euler method, which is slightly 
different from the Crank–Nicolson method  

 

Figure 21. Moisture content contour plot from ABAQUS analysis, glulam (left) at t = 504 h and CLT (right) 
at t = 816 h 

used in deriving the moisture diffusion coefficients. The backward Euler method is less accurate 
than the Crank–Nicolson method, but it is less prone to numerical oscillations. A comparison 
between the moisture content predictions from FEA and experimental measurement at 
different times and locations is given in tables 10 and 11. In the tables, time recording was 
initiated from the time the sample was put inside the conditioning chamber. The percentage 
deviation of the predicted moisture content from FEA and the actual moisture content is given 
in the last four columns of the tables.  
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Table 10. Comparison of moisture contents for Glulam  

Time 
(hr) 

Distance from the origin (x, mm) 
Predicted Moisture content 

(%) from FEA 
Experimental moisture 

content (%) 
Percentage deviation 

55.5 109 166 218 55.5 109 166 218 55.5 109 166 218 
168 15.79 13.77 13.39 13.18 16.8 13.8 13.9 13.1 6.0 0.2 3.7 0.6 
336 18.35 17.06 16.61 16.38 18.5 16.6 16.8 16.2 0.8 2.8 1.1 1.1 
504 19.56 18.26 17.91 17.68 19.5 18 17.9 17.7 0.3 1.5 0.1 0.1 
671 20.63 19.13 18.76 18.53 19.8 18.5 18.7 18.5 4.2 3.4 0.3 0.2 
837 21.61 19.92 19.53 19.30 20.5 19.2 19.4 18.9 5.4 7.7 0.7 2.1 

Table 11. Comparison of moisture contents for CLT 

 
Distance from the origin (x, mm) 

Predicted Moisture content 
(%) from FEA 

Experimental moisture 
content (%) 

Percentage deviation 

Time 
(hr) 

50 124 153 185 50 124 153 185 50 124 153 185 

167 8.85 7.46 7.28 11.44 10 9 9.1 10.9 11.5 17.1 20.0 5.0 
333 10.79 8.08 8.96 13.52 10.4 9.7 9.9 11.4 3.8 16.7 9.5 18.6 
693 13.75 10.80 11.97 15.85 12.4 10.7 11.1 13.1 10.9 0.9 7.8 21.0 
816 14.55 11.80 12.83 16.66 13 11.4 11.9 13.8 11.9 3.5 7.8 20.7 

 

The maximum difference in the predicted and the actual moisture content of glulam is only 6%. 
On the other hand, the maximum discrepancy in the predicted and the actual moisture content 
of CLT is 21%. The higher discrepancies between the predicted and the actual moisture content 
in CLT might be attributed to the presence of gaps and the difference in properties between 
adjacent laminates of the same layer of CLT, due to the natural in-grade variation of lumber. It is 
to be noted, the CLT investigated in this study did not have any edge-gluing applied between 
adjacent laminates of the same layer. 
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Figure 22. Locations for moisture content probing  

6.2.3 Prediction of the MC distribution of CLT and glulam 
specimens around STS 

In this section, a simple application of the diffusion coefficients determined for glulam and the 
modelling procedure described will be exhibited with the help of an example. The method 
exhibited here can be used to predict the moisture content distribution of both CLT and glulam 
area around the STS. A 4-layer glulam beam cross-section with 130 mm width and 152 mm 
height is considered (Figure 23). The transverse (radial and tangential) direction of the material 
of the glulam is contained in the plane of the cross-section, while the longitudinal (grain) 
direction aligns with the length direction of the beam perpendicular to the plane of the paper. A 
self-tapping screw with a diameter of 8 mm is installed in the middle of the cross-section. The 
screw is perpendicular to the longitudinal direction and penetrates 88 mm into the glulam. 
During the installation of the screw, the EMC of the glulam is 10%. Due to variation of the 
surrounding relative humidity and temperature, the EMC of the glulam changes to 20%. This will 
trigger moisture adsorption in the glulam. The glulam will tend to expand (swell) due to 
moisture adsorption. The swelling of wood in the longitudinal direction is very small compared 
to the swelling in the transverse direction (Angst & Malo, 2012). The swelling of the glulam in 
the vertical (transverse) direction will exert additional stress on the self-tapping screw. This 
stress might be critical to the performance of the screw. Now, the interior of the glulam will 
have a moisture gradient until the moisture content at every point inside the glulam becomes 
uniform. In the vicinity of the screw, the wood will have a moisture gradient in a direction 
parallel to the screw length. This will create additional differential stress along the length of the 
screw. Since this research is only concerned with the properties of the wood, the stress exerted 
on the screw will not be investigated. However, the stress distribution in the screw will depend 
on the moisture gradient in the glulam. 

If the initial EMC of 10% is considered to be uniform inside the glulam, the change in moisture 
content of the glulam along the length of the screw can be predicted from the finite element 
modelling method described in section 6.1.5. For this purpose, the whole glulam was modelled 
as a continuous section and the part of the glulam where the screw was installed was 

x 
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considered as an empty hole (figure 23). Since the final EMC of the glulam is 20%, the boundary 
condition was specified as the difference in initial and final EMC, i.e., (20-10) = 10%. The 
boundary condition was applied on the outer edges of the glulam as a mass concentration value. 
The results of the finite element analysis are shown in figure 23. The edge of the hole represents 
the part of the glulam in the vicinity of the screw. The distribution of the moisture content 
change along the edge is shown in figure 24. From this distribution, information on the 
additional differential stress exerted on the screw during moisture adsorption can be 
determined by an analytical treatment of wood and screw interaction. However, that is outside 
the scope of this research. This example presents an issue that has been reported recently by 
some mass timber practitioners in North America. It was brought to the attention of the authors 
that self-tapping screws (STS) inserted into mass timber products had failed prematurely in 
tension due to moisture-induced swelling of the wood material. 

 

Figure 23. Glulam beam with self-tapping screw: schematic diagram (left), moisture content contour plot 
from ABAQUS analysis of the glulam (right). 

 
Figure 24. Moisture content change of glulam in the vicinity of the screw and parallel to the length of the 
screw 
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7 COEFFICIENT OF SWELLING OF MASS 
TIMBER PRODUCTS 

This part of the project suggests an effective method to predict the swelling strain of CLT and 
glulam products from their laminate properties. The swelling strain in only the thickness (out-of-
plane) direction of CLT and glulam is focused here. The swelling behaviour of CLT and glulam 
products made from Canadian lumber species have been experimentally and numerically 
investigated. A prediction model for estimating the swelling strain of CLT and glulam is 
proposed, and the predicted strains from the prediction model are compared with the 
experimental and numerical results. The prediction model relies on the laminate properties as 
input parameters and is suitable for hand calculations during practical engineering settings.  

Due to the change in the surrounding ambient environment and the moisture adsorption of 
wood, swelling strain arises. This type of strain is also referred to as the hygro-expansion strain. 
This strain component mainly depends on the change of moisture content inside the wood and 
can be described by its linear relationship with the change in moisture content (Angst & Malo, 
2012a) (15): 

{𝜺𝜺𝒎𝒎𝒎𝒎} = {𝜶𝜶}Δ𝑢𝑢 (15) 

Here, {𝜺𝜺𝒎𝒎𝒎𝒎} is the swelling strain vector and {𝜶𝜶} is the linear swelling (or hygro-expansion) 
coefficient vector (given by equation (16)), both along the primary orthotropic directions of 
wood. Δ𝑢𝑢 is the change in moisture content inside the wood. The swelling strain and coefficient 
vector are defined as: 

{𝜺𝜺𝒎𝒎𝒎𝒎} =

⎣
⎢
⎢
⎢
⎢
⎡
𝜺𝜺𝒎𝒎𝒎𝒎,𝑳𝑳
𝜺𝜺𝒎𝒎𝒎𝒎,𝑹𝑹
𝜺𝜺𝒎𝒎𝒎𝒎,𝑻𝑻

0
0
0 ⎦

⎥
⎥
⎥
⎥
⎤

, {𝜶𝜶} =

⎣
⎢
⎢
⎢
⎡
𝛼𝛼𝐿𝐿
𝛼𝛼𝑅𝑅
𝛼𝛼𝑇𝑇
0
0
0 ⎦

⎥
⎥
⎥
⎤

(16) 

For orthotropic materials like wood, moisture ingress generates only axial strain components in 
the three primary orthotropic directions. The three primary orthotropic directions of wood are 
the radial, tangential and longitudinal directions. The L, R and T subscripts in equation (16) refer 
to these three orthotropic directions - longitudinal, radial, and tangential. If the {𝜶𝜶} vector is 
known, the swelling strain arising from a change in moisture content can be easily computed 
using equation (15).  

The swelling coefficient can be determined by determining the slope of the swelling strain vs 
moisture content change graph. For this purpose, the strain values along the three orthotropic 
directions under different known moisture content changes should be recorded. The strain 
value and the moisture content change of a sample can be determined using equations (17) and 
(18): 
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 𝜀𝜀(𝛿𝛿) =
𝐿𝐿(𝛿𝛿) − 𝐿𝐿0

𝐿𝐿0
 (17)

𝑘𝑘𝑘𝑘(𝛿𝛿) =
𝑤𝑤(𝛿𝛿) − 𝑤𝑤0

𝑤𝑤0
(18)

 

Here, 𝐿𝐿0 and 𝑤𝑤0 are the oven-dry length and weight of the sample, respectively, 𝐿𝐿(𝛿𝛿) and 𝑤𝑤(𝛿𝛿) 
are the length and weight at the end of the swelling process of the sample, 𝜀𝜀(𝛿𝛿) is the generated 
shrinkage strain and 𝑘𝑘𝑘𝑘(𝛿𝛿) is the moisture content inside the sample. The endpoint of the 
swelling process was identified as the point when a constant value of the weight of the sample, 
𝑤𝑤(𝛿𝛿) was achieved.  

7.1 Material and Methods 

7.1.1 Sample Preparation, Conditioning, and Measurements  
The test program included two types of mass timber products, glulam made from Douglas Fir-
Larch of stress grade 16c-E and Spruce-pine-fir (SPF) CLT of stress grade V2. Glulam of two 
different sizes from the same manufacturer and CLT made from 2×4 laminates (CLT type A) and 
2×6 laminates (CLT type B) from two different manufacturers were investigated. The two sizes of 
glulam and the two types of CLT used are shown in Figure 25. According to the technical 
specifications of the manufacturers of the CLT, the longitudinal (major) and the transverse 
(minor) layers of CLT were made from lumbers of different grades. Thus, the laminates of the 
longitudinal and transverse layers might have come from different sources, and the swelling 
properties of the longitudinal and the transverse layers of CLT were determined separately. Both 
sizes of glulam used in the test program were of the same grade and came from the same 
manufacturer. Furthermore, all the glulam used were of compression grade, and for 
compression grade glulam, laminates of all layers usually come from the same source and have 
similar properties. Thus, all the layers of both sizes of glulam were considered to have the same 
swelling properties.  
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Figure 25. CLT and glulam products used in the test program 

The CLT and glulam were investigated in two phases: 

• Laminate phase: The swelling coefficient of the laminate constituting the CLT and the 
glulam was determined in this phase  

• Multi-layer phase: The swelling properties of the full-size CLT and glulam was determined 
in this phase 

In the laminate phase, small-size samples of approximate dimensions of 80 (longitudinal) mm × 
35 (radial) mm × 35 (tangential) mm were cut from the different layers of CLT and glulam.  

It was made sure that the samples of the laminate phase did not have any glue on any face. 
Three sample groups were prepared in the laminate phase to investigate the dimensional 
changes with moisture content change. Each group of samples consisted of the following 
subgroup of samples, depending on the sources of the laminates of the different layers of CLT 
and glulam: 

• 6 CLT type A longitudinal layer specimens (Sample Label: AO) 
• 6 CLT type A transverse layer specimens (Sample Label: AI) 
• 6 CLT type B longitudinal layer specimens (Sample Label: BO) 
• 6 CLT type B transverse layer specimens (Sample Label: BI) 
• 6 glulam specimens (Sample Label: C) 

As mentioned previously, the laminates of the longitudinal and transverse layers of CLT Type A 
and CLT Type B have different swelling properties. In contrast, all the laminates of both sizes of 
glulam have the same swelling properties. The sample group was adopted to determine the 
swelling coefficient following these premises. 
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Figure 26. One group of samples 

Each sample group was conditioned at constant relative humidity and temperature conditions in 
two stages. The conditioning time for each stage was two weeks. The samples were kept in a 
conditioning chamber with 65 ± 2% relative humidity and 20 ⁰C temperature in the first stage. In 
the second stage, the samples were kept in another conditioning chamber. The three sample 
groups were kept in three different conditioning chambers in the second stage, as shown in 
Table 12. The first conditioning stage was adopted to achieve an equilibrium moisture content 
(EMC) of 12% for all specimens. The second conditioning stage aimed to achieve EMCs of 6%, 
16% and 21% (Table 12). All the samples achieved a constant weight at the end of the two-week 
conditioning process, indicating uniform moisture content distribution inside the samples. After 
the two-stage conditioning, the samples were oven-dried at 105 ± 1 ⁰ C temperature for 2 days. 

Table 12. Relative humidity and temperature for conditioning and the corresponding equilibrium 
moisture content (EMC) 

Conditioning Stage 
Moisture Conditions 

Label 
Relative Humidity 

(%) 
Temperature 

(⁰C) 
EMC 

1st EMC – 12 65 ± 2 20 12% 

2nd 
EMC – 6 42 ± 2 20 6% 

EMC – 16 80 ± 2 20 16% 
EMC – 21 92 ± 2 20 21% 

A total of nine length measurements from each sample, three along each orthotropic direction, 
were taken (Figure 27). Each sample's length and weight measurements were taken at the end 
of the second-stage conditioning and after oven-drying. A digital balance with a sensitivity of 
0.01 g was used for measuring sample weight, and digital calipers with a sensitivity of 0.01 mm 
was used for measuring sample dimensions. The length measurements were later used to 
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determine the swelling strains according to equation (17). The actual moisture content of each 
sample was determined using equation (18).  

 

Figure 27. Laminate phase specimen along with the wood anatomical directions 

The dimensional changes due to moisture swelling of full-size glulam and CLT samples in the 
out-of-plane direction (y-direction in Figure 25) were investigated in the multi-layer phase. Two 
sample groups were used in the multi-layer phase, and each group consisted of two specimens 
of each type of glulam and CLT. The samples were subjected to the same two-stage conditioning 
process as described before. In the second stage of conditioning, one sample group was 
conditioned under EMC – 16 conditions and another sample group was conditioned under EMC 
– 21 conditions in Table 12. Each specimen's dimension in the y-direction and weight 
measurements were taken at the end of the second-stage conditioning and after oven-drying. 
The strain in the out-of-plane direction was calculated from the dimension measurements, and 
actual moisture content was found from the weight measurements, using equations (17) and 
(18). 

7.1.2 Prediction of Swelling from Laminate Properties 
If prediction equations for moisture swelling of CLT and glulam are developed based on the 
properties of the laminates, the dimensional changes of various CLT and glulam configurations 
due to moisture swelling can be reliably estimated.  

Expressions (19)-(21) are proposed to determine the effective swelling coefficient and swelling 
strain of the whole CLT and glulam panel in the out-of-plane direction (y-direction). The 
theoretical basis for these expressions comes from the concepts of transformation of plane 
strain found in mechanics of solid textbooks (Beer et al., 2012). Since the longitudinal direction 
of the wood undergoes minimal dimensional change under varying moisture content (Pang & 
Jeong, 2020), the strain in the longitudinal direction can be ignored, and plane strain conditions 
can be assumed. The shear strain component in the strain transformation equations was set to 
zero to get to equation (21). The zero shear strain comes from the premise that moisture ingress 
generates only axial strain components in the wood's three primary orthotropic directions. 

𝜀𝜀𝑚𝑚𝑒𝑒𝑒𝑒,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑚𝑚𝑝𝑝 = 𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑚𝑚𝑝𝑝 . ∆𝑘𝑘 (19) 

𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑚𝑚𝑝𝑝 =
∑ 𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑖𝑖

𝑚𝑚
𝑖𝑖=1

𝑛𝑛
(20) 
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𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑖𝑖 = 𝛼𝛼𝑅𝑅 cos2 𝜃𝜃𝑖𝑖 + 𝛼𝛼𝑇𝑇 sin2 𝜃𝜃𝑖𝑖 (21) 

Here, 𝜀𝜀𝑚𝑚𝑒𝑒𝑒𝑒,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑚𝑚𝑝𝑝 is the average swelling strain in the out-of-plane direction, ∆𝑘𝑘 is the change 
in moisture content, 𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑖𝑖 is the swelling coefficient of each layer of the CLT or glulam, which 
considers the annual ring orientation of the laminates in each layer. For CLT longitudinal layers 
and glulam, 𝜃𝜃𝑖𝑖 is the approximate angle between the x-direction and the tangent to the annual 
rings at the location of strain measurement of the laminates of each layer (Figure 28). On the 
other hand, 𝜃𝜃𝑖𝑖 is the approximate angle between the z-direction and the tangent to the annual 
rings at the strain measurement location of the laminates of the transverse (middle) layer of 
CLT. (Figures 25 and 28) The values of 𝜃𝜃𝑖𝑖 for each layer of the CLT and glulam used in the multi-
layer phase were recorded manually by using a protractor. Equation (19) gives the average 
strain of all the layers of CLT and glulam, and the actual strain in each layer might be different 
from this average strain value. Equation (22) gives the swelling strain of the individual layers of 
CLT and glulam. 

𝜀𝜀𝑚𝑚𝑒𝑒𝑒𝑒,𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑚𝑚𝑝𝑝,𝑖𝑖 = 𝛼𝛼𝑚𝑚𝑒𝑒𝑒𝑒,𝑖𝑖. ∆𝑘𝑘 (22) 

 

Figure 28. Nomenclature of the terms for the prediction model 

7.1.3 Numerical Modelling of Full-scale Samples 
The full-size CLT and glulam samples used in the multi-layer phase were numerically investigated 
to test the validity of the prediction model. The commercial finite-element analysis software 
ABAQUS (Simulia, 2020) was used for the numerical investigation. The moisture swelling due to 
the two-stage conditioning process was simulated in ABAQUS. The thermal analysis formulation 
available in ABAQUS can best describe the process of moisture swelling and the strain arising 
from the moisture swelling. Thus, thermal analysis using the ABAQUS Standard solver was 
carried out for simulating the moisture swelling process in CLT and glulam. 

The CLT and glulam layers were treated as continuous, and the edge gap between adjacent 
laminates in the same layer of CLT was disregarded. The different layers of CLT and glulam were 
created by partitioning the same part into the required number of layers in ABAQUS. Local 
material orientation was assigned to each layer following the anatomical directions of the 
specimen, which was documented in the multi-layer phase. 

The moisture content of the specimen is analogous to the specified temperature during thermal 
analysis in the ABAQUS environment. The test conditions were aimed to achieve a uniform 
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moisture content distribution inside the specimen. Thus, the moisture content in each 
conditioning stage was specified as a uniform temperature field in ABAQUS. The value of the 
uniform temperature field for each stage was specified as the equilibrium moisture content 
(EMC) corresponding to the relative humidity and temperature conditions of the conditioning 
chamber, as shown in Table 12. The initial temperature boundary condition of the specimen was 
the EMC at the end of the first stage of conditioning, while the EMC at the end of the second 
conditioning stage was the final temperature boundary condition. The strain arising after the 
second stage of the conditioning was recorded as the swelling strain.  

The two types of full-size CLT used in the multi-layer phase in this study were modelled in 
ABAQUS in three dimensions (3D) with C3D8 elements available in the ABAQUS library. Input 
material properties used to model the two types of CLT are given in Tables 13 and 14. The elastic 
properties (E and G values) of wood change with moisture content change (Gerhards, 1982). 
However, as this study only focuses on the strain values, the elastic properties did not influence 
the strain values and were kept constant at all moisture levels. On the other hand, stress 
analysis would require the change of elastic properties with moisture content change to be 
taken into account. 

Table 13. CLT Type A Input Material Properties 
Longitudinal Layers Transverse Layers 

𝑬𝑬𝑳𝑳 11700 𝐸𝐸𝐿𝐿 9000 
𝑬𝑬𝑹𝑹 1193.4 𝐸𝐸𝑅𝑅 918 
𝑬𝑬𝑻𝑻 631.8 𝐸𝐸𝑇𝑇 486 

𝑮𝑮𝑳𝑳𝑹𝑹 731 𝐺𝐺𝐿𝐿𝑅𝑅 563 
𝑮𝑮𝑻𝑻𝑳𝑳 608.4 𝐺𝐺𝑇𝑇𝐿𝐿 468 
𝑮𝑮𝑹𝑹𝑻𝑻 73.1 𝐺𝐺𝑅𝑅𝑇𝑇 56.3 
𝝊𝝊𝑳𝑳𝑹𝑹 0.032 𝜐𝜐𝐿𝐿𝑅𝑅 0.032 
𝝊𝝊𝑻𝑻𝑳𝑳 0.024 𝜐𝜐𝑇𝑇𝐿𝐿 0.024 
𝝊𝝊𝑹𝑹𝑻𝑻 0.381 𝜐𝜐𝑅𝑅𝑇𝑇 0.381 

 

Table 14. CLT Type B Input Material Properties 
Longitudinal Layers Transverse Layers 

𝑬𝑬𝑳𝑳 9500 𝐸𝐸𝐿𝐿 9500 
𝑬𝑬𝑹𝑹 969 𝐸𝐸𝑅𝑅 969 
𝑬𝑬𝑻𝑻 513 𝐸𝐸𝑇𝑇 513 

𝑮𝑮𝑳𝑳𝑹𝑹 570 𝐺𝐺𝐿𝐿𝑅𝑅 570 
𝑮𝑮𝑻𝑻𝑳𝑳 494 𝐺𝐺𝑇𝑇𝐿𝐿 494 
𝑮𝑮𝑹𝑹𝑻𝑻 57 𝐺𝐺𝑅𝑅𝑇𝑇 57 
𝝊𝝊𝑳𝑳𝑹𝑹 0.032 𝜐𝜐𝐿𝐿𝑅𝑅 0.032 
𝝊𝝊𝑻𝑻𝑳𝑳 0.024 𝜐𝜐𝑇𝑇𝐿𝐿 0.024 
𝝊𝝊𝑹𝑹𝑻𝑻 0.381 𝜐𝜐𝑅𝑅𝑇𝑇 0.381 
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The longitudinal direction of the wood undergoes minimal dimensional change under moisture 
content variation due to the small value of the swelling coefficient in the longitudinal direction 
(Pang & Jeong, 2020). In glulam, the longitudinal direction of all layers is aligned in the same 
direction. As the dimensional change in the longitudinal direction is minimal, the swelling in this 
direction was not investigated in the numerical model. Thus, only a two-dimensional (2D) model 
of the glulam containing the radial and tangential direction was created in ABAQUS. CPS4 plane 
stress elements available in the ABAQUS library were used for the two-dimensional model of the 
glulam. Material properties used to model the glulam are in Table 15. 

Table 15. Glulam Input Material Properties 
Longitudinal Layers 

𝑬𝑬𝑳𝑳 10300 
𝑬𝑬𝑹𝑹 1051 
𝑬𝑬𝑻𝑻 700 

𝑮𝑮𝑳𝑳𝑹𝑹 505 
𝑮𝑮𝑻𝑻𝑳𝑳 474 
𝑮𝑮𝑹𝑹𝑻𝑻 52 
𝝊𝝊𝑳𝑳𝑹𝑹 0.032 
𝝊𝝊𝑻𝑻𝑳𝑳 0.024 
𝝊𝝊𝑹𝑹𝑻𝑻 0.381 

For modelling both the CLT and glulam, swelling coefficient values of the laminates of each layer 
are required. The swelling coefficient values are analogous to the expansion coefficients for 
thermal analysis in the ABAQUS environment. Following the orthotropic constitutive law 
adopted in this study, the expansion coefficients were specified along the principal material 
directions (primary orthotropic directions of wood). The swelling coefficient values of the 
laminates of CLT and glulam came from the results of the laminate phase, given in the Results 
and Discussion section. 

7.2 Results and Discussion 

7.2.1 Laminate Phase 
The swelling strain vs. moisture content plot was made for each subgroup of samples along the 
wood's radial, tangential, and longitudinal direction from each small-size sample's strain and 
moisture content data. The data points were fitted using a linear regression line. The slope of 
the regression line gives the value of the swelling coefficient (𝛼𝛼). The swelling strain vs moisture 
content plot along the orthotropic directions of wood for CLT type A, CLT type B, and glulam are 
shown in Figures 29, 30 and 31.  



36 
 

10 12 14 16 18 20 22 24 26 28
0.00

0.01

0.02

0.03

0.04

0.05

0.06

10 12 14 16 18 20 22 24 26 28
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

10 12 14 16 18 20 22 24 26 28

0.00

0.01

0.02

0.03

0.04

0.05

0.06

10 12 14 16 18 20 22 24 26 28

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

CLT Type A (Transverse Layers - Radial Direction)

Sw
el

lin
g 

St
ra

in

Moisture Content (%)

 Data Points
 Linear Fit Line (α = 0.0017, R2 = 0.93)

CLT Type A (Transverse Layers - Tangential Direction)

Sw
el

lin
g 

St
ra

in

Moisture Content (%)

 Data Points
 Linear Fit Line (α = 0.0028, R2 = 0.96)

 Data Points
 Linear Fit Line (α = 0.0016, R2 = 0.91)

CLT Type A (Longitudinal Layers - Radial Direction)

Sw
el

lin
g 

St
ra

in

Moisture Content (%)

CLT Type A (Longitudinal Layers - Tangential Direction)

Sw
el

lin
g 

St
ra

in
Moisture Content (%)

 Data Points
 Linear Fit Line (α = 0.0024, R2 = 0.95)

 

Figure 29. Swelling strain vs moisture content plot of CLT type A 
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Figure 30. Swelling strain vs moisture content plot of CLT type B 
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Figure 31. Swelling strain vs moisture content plot of Glulam 

The swelling strain vs. moisture content plot along the longitudinal direction is not shown since 
the linear regression lines were almost horizontal and the swelling coefficient was very close to 
zero, consistent with values reported in similar studies, e.g., (Angst & Malo, 2012b). Also, 
swelling coefficient values along the tangential direction are the largest, as observed in other 
literature (Ross & USDA Forest Service., 2010). The swelling coefficient of all the wood products 
is summarised in Table 16. The swelling coefficient found were used as input parameters for the 
numerical and prediction model. 

Table 16. Swelling coefficients 
Type of 
wood 

product 
Layer type 𝜶𝜶𝑳𝑳 

Standard 
Error 

𝜶𝜶𝑹𝑹 
Standard 

Error 
𝜶𝜶𝑻𝑻 

Standard 
Error 

CLT Type 
A (2x4) 

Longitudinal 0 - 0.0016 4.76E-5 0.0024 5.33E-5 
Transverse 0.0001 - 0.0017 4.63E-5 0.0028 5.31E-5 

CLT Type 
B (2x6) 

Longitudinal 0 - 0.0016 4.64E-5 0.0027 4.77E-5 
Transverse 0.0002 - 0.0019 4E-5 0.0029 6.17E-5 

Glulam - 0.0001 - 0.0017 3.98E-5 0.0029 4.36E-5 
 

7.2.2 Multi-layer Phase 
7.2.2.1 Comparison between Measured and Analytically Predicted Strains 

The dimensional changes of each full-size CLT and glulam sample were recorded in the y-
direction using digital callipers. These measurements were used to determine the strain by 
equation (17). It is to be noted that the strain determined in this process gives the average strain 
of all the layers of CLT and glulam, and the actual strain in each layer might be different from 
this average strain value. The moisture content of each sample was also found with equation 
(17). Then swelling strain vs moisture content plots were made. For the y-direction strain, the 
slope of the linear fit line of the test data gives the value of the effective swelling coefficient of 
CLT in the out-of-plane direction. Table 18 lists the effective swelling coefficient of CLT in the 
out-of-plane direction from the test data. The effective swelling coefficient predicted using 
equation (19)-(20) is also given in Table 18. The angle value required for equation (21) is the 
approximate angle between the horizontal direction and tangent to the annual rings of the 
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laminates of each layer of CLT and glulam. Angles were measured near the edge of the 
laminates of each layer to match the experimental strain measurement location of the samples. 

Table 17. Effective swelling coefficient of full-size CLT and glulam 
Type of wood product 𝜶𝜶𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝜶𝜶𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 Percentage Difference 

CLT Type A 0.0016 0.0021 31.25 
CLT Type B 0.0022 0.0020 9.09 

Glulam Small 0.0018 0.0024 33.33 
Glulam Large 0.0022 0.0027 22.73 

It can be seen from Table 18 that the percentage difference between the experimental and 
predicted values of the effective swelling coefficients ranged from 9-33%. The highest difference 
was observed for CLT Type A and small glulam samples. A possible reason for the difference 
might be the approximate angle measurement by hand. Nevertheless, as the predicted values 
were higher than the experimental values, they were conservative. 

7.2.2.2 Comparison between Numerically Simulated and Analytically Predicted 
Strains 

As discussed in the "Numerical Modelling of Full-scale Samples" section, the moisture swelling 
of the full-size CLT and glulam specimens were numerically simulated using finite element 
analysis. From the 3D finite element analysis of CLT and 2D analysis of glulam, contour plots of 
the strain of CLT and glulam (Figures 32 and 33) in the out-of-plane direction were made. These 
contour plots were used to determine the swelling of the individual layers and the strain 
distribution along the y-direction of CLT and glulam. Strain in each layer of CLT and glulam can 
be predicted using equation (22). The predicted strain values using equation (22) have been 
compared with the strain values from finite element analysis for two CLT and glulam samples in 
Figures 34 and 35. The dashed lines represent the strain distribution from finite element 
analysis, while the solid lines give the predicted values using equation (22). It should be 
mentioned that the strain in each layer of CLT and glulam were not determined experimentally, 
for which Figures 34 and 35 only compare strain determined from finite element analysis and 
the prediction equation (22) only. 

In Figure 34, the predicted strain in layer 2 for both CLT is overpredicted by equation (22) 
compared to the finite element analysis results. In contrast, the difference between the 
predicted and finite element strain for layers 1 and 3 for both CLT is minimal. In Figure 35, it can 
be observed that the predicted strains in almost all the layers of glulam are under-predicted 
compared to the finite element analysis strains. Nevertheless, the differences in the strains are 
pretty slight. 
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Figure 32. Strain distribution contour plot of CLT (3D analysis) 

 

Figure 33. Strain distribution contour plot of Glulam (2D analysis) 
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Figure 34. Strain distribution comparison between the predicted and finite element analysis values for CLT  

 

Figure 35. Strain distribution comparison between the predicted and finite element analysis values for 
Glulam 
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7.2.2.3 Comparison Among Measured, Numerically Simulated and Analytically 
Predicted Strains 

The strain contour plots from finite element analysis were averaged to find the CLT and glulam 
average strain (the average strain of all layers). The average strain can also be predicted using 
equations (19)-(21). The average strain determined from the experiment, finite element 
(numerical) analysis and prediction equations (19)-(21) have been presented and compared in 
Tables 19-26. The percentage difference between the strains determined from these three 
methods does not exhibit any clear trend. The experimental strain measurement might be 
prone to measurement errors, while the numerically determined strain depends on the 
assumptions made during numerical modelling. The highest deviation of the experimental strain 
from the numerical and predicted strains was observed for small glulam samples, which might 
have been from experimental measurement errors. The percentage difference among the 
predicted, experimental and numerical strains for large glulam samples were limited to only 9%, 
indicating all three methods estimated consistent strain values. The difference in predicted and 
experimentally determined strain for CLT Type A was limited to 12%, while the difference for 
CLT Type B was higher, with a maximum difference of 27%. On the other hand, the differences 
in experimental and numerical strain for CLT Type A were higher than those of CLT Type B. 

The average difference between the strains determined using the three methods was 
calculated. The small glulam samples were excluded for possible measurement errors in 
calculating the average difference. The average difference between the predicted and 
experimental strains was approximately 11%. On the other hand, the predicted and numerical 
strains differed by approximately 13% on average. The average difference between the 
numerical and experimental strains, excluding the small glulam samples, was the lowest, at 
about 8%. Thus, the numerical method gives estimates of swelling strain closer to the 
experimental values. Nevertheless, numerical methods like finite element analysis might not 
always be feasible during practical engineering settings; in such cases, equations (19)-(21) can 
be used to predict the average out-of-plane strain of CLT and glulam with reasonable accuracy. 

Table 18. CLT Type A strain from different methods 
CLT Type A Sample No. 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 0.0402 0.0327 0.0414 
2-16 0.0378 0.0313 0.0332 

1-21 0.0465 0.043 0.052 

2-21 0.0512 0.042 0.0561 
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Table 19. CLT Type A strain from different methods comparison 
CLT 

Type A 
Sample 

No. 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 18.66 2.99 26.61 

2-16 17.20 12.17 6.07 
1-21 7.53 11.83 20.93 

2-21 17.97 9.57 33.57 

 

Table 20. CLT Type B strain from different methods 
CLT Type B Sample No. 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 0.0328 0.032 0.0417 

2-16 0.028 0.0315 0.035 

1-21 0.0377 0.0375 0.0428 
2-21 0.0412 0.0436 0.0466 

 

Table 21. CLT Type B strain from different methods comparison 
CLT 

Type B 
Sample 

No. 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 2.44 27.13 30.31 

2-16 12.50 25.00 11.11 
1-21 0.53 13.53 14.13 

2-21 5.83 13.11 6.88 

 

Table 22. Glulam Large strain from different methods 
Glulam Large 
Sample No. 

𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 0.0539 0.0552 0.0545 
2-16 0.0528 0.0481 0.0485 

1-21 0.0647 0.066 0.064 

2-21 0.0655 0.0691 0.0683 
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Table 23. Glulam Large strain from different methods comparison 
Glulam 
Large 

Sample 
No. 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 2.41 1.11 1.27 

2-16 8.90 8.14 0.83 
1-21 2.01 1.08 3.03 

2-21 5.50 4.27 1.16 

Table 24. Glulam Small strain from different methods 
Glulam Small Sample No. 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 0.0311 0.0498 0.0467 
2-16 0.0279 0.0515 0.0509 

1-21 0.0344 0.0523 0.052 

2-21 0.0324 0.0523 0.0515 

Table 25. Glulam Small strain from different methods comparison 
Glulam 
Small 

Sample 
No. 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

Percentage difference between 
𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒏𝒏𝒎𝒎𝒆𝒆𝒆𝒆𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆 and 𝜺𝜺𝒆𝒆𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝒎𝒎𝒆𝒆𝒆𝒆𝒑𝒑 

1-16 60.13 50.16 6.22 

2-16 84.59 82.44 1.17 

1-21 52.03 51.16 0.57 
2-21 61.42 58.95 1.53 

 

8 WITHDRAWAL RESISTANCE OF MASS 
TIMBER PRODUCTS 

8.1 Materials  
Two kinds of mass timber products, Douglas Fir-Larch glulam of stress grade 16c-E and Spruce-
Pine-Fir CLT of stress grade V2 were used in the test program. Self-tapping screws of two 
different diameters, 8 mm and 13 mm were utilized, and screws were inserted in the CLT and 
glulam at two penetration depths, 10d and 30d (d is the outer thread diameter of the concerned 
screw). The 10d penetration depth was chosen to achieve screw withdrawal failure (failure 
mode 2). In contrast, 30d penetration depth was chosen to achieve screw failure in tension 
(failure mode 1), based on the screw tensile strength and calculation of the withdrawal 
resistance of the screw from the screw manufacturer's guide. For the two penetration depths 
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and diameters, the screws used in the test program are: VGS 13x200 (10d), VGS 13x500 (30d), 
ASSY VG 8x160 (10d) and ASSY VG 8x300 (30d). In the screw nomenclature, the letters indicate 
the type of screw used; the first number indicates the outer thread diameter in mm, and the last 
number indicates the length of the screw in mm. The CLT and glulam products used for 10d and 
30d screw penetration depth are shown in Figure 36 and Figure 37, respectively. 8 mm diameter 
screws were installed in 80x160 mm (width and length) glulam and 160x170 mm CLT, as shown 
in the top row of Figures 36 and 37. On the other hand, 13 mm diameter screws were installed 
in 130x260 mm glulam and 260x270 mm CLT, as seen in the bottom row of Figures 36 and 37. 

The manufacturer provided 80x160 mm glulam was three-layered, while 130x260 mm glulam 
had four layers, and both the 160x170 mm and 260x270 mm CLT were three-layered. Multiple 
glulams and CLTs were joined by gluing on the wide face to achieve the adequate thickness of 
the samples required for installing the screws at 10d (for 260x270 mm CLT with 13 mm diameter 
screw only) and 30d penetration length. A single-component polyurethane glue with a glue rate 
of 160 g/m2 was applied to the samples. The samples were then pressed in a compression 
testing machine with a pressing pressure of 110 psi for 2 hours. The pressing of two 130x260 
mm glulam samples for installing a 13 mm diameter screw at 30d penetration length is shown in 
Figure 38. The details of the samples prepared by gluing on the wide faces are given in Table 1. 

Table 26. Glued sample specifications 

Screw 
diameter 

(mm) 

Penetration 
depth 

Mass timber product and 
number of layers in a single 

sample 

Number of 
samples 

glued 
together 

Total 
number of 
layers after 

gluing 
13 10d 3-layered 260x270 mm CLT 2 6 

8 30d 3-layered 80x130 mm glulam 3 9 

8 30d 3-layered 160x170 mm CLT 3 9 

13 30d 4-layered 130x260 mm glulam 3 12 

13 30d 3-layered 260x270 mm CLT 4 12 

The mass timber products were conditioned in two separate stages. The two-stage conditioning 
was performed chronologically: to achieve the initial target equilibrium moisture content (EMC) 
– screw installation – conditioning to reach the final EMC. The two-stage conditioning process 
was adopted to simulate the condition that the moisture content of timber members might 
change after screw installation in practical settings. The timber products were conditioned in 
three different conditioning chambers to achieve target EMC of 6%, 12%, and 21%. On the other 
hand, the products were wholly immersed in water for three weeks to achieve a fully saturated 
condition (fibre saturation point of wood). Though the actual moisture content in the fully 
saturated condition was not determined in the test program, the fully saturated condition 
moisture content is assumed to be close to 30% (Ross & USDA Forest Service., 2010). The test 
matrix for the withdrawal test detailing the initial and final conditioning stage EMC, the screw 
penetration depth and the type of timber product used for each test configuration are 
mentioned in Table 2. The screws were inserted perpendicular to the wood's grain direction on 
the samples' wide face (Figures 36 and 37). The screws were installed at the centre of the wide 
face of each glulam specimen. For CLT specimens, the screws were placed near the mid-point of 
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the middle laminate of each layer. This ensured the screws did not penetrate through the edge 
gaps between adjacent laminates of each layer. The minimum edge distance requirements for 
wood screws according to the CSA O86 standard were satisfied. For each test configuration, six 
samples were allocated.  

 

Figure 36. CLT and glulam samples with 8 mm screw (top row) and 13 mm screw (bottom row) – 10d 
penetration length (figure not to scale)  
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Figure 37. CLT and glulam samples with 8 mm screw (top row) and 13 mm screw (bottom row) – 30d 
penetration length (figure not to scale) 
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Figure 38. Glue pressing of two 130x260 mm (for 13 mm diameter screw, 30d penetration length) glulam 
samples 

Table 27. Withdrawal test matrix  

Screw diameter Mass timber 
product Penetration length Initial Target EMC Final Target EMC 

8 mm 160 mm x 170 mm 
SPF CLT 

10d 12% 12% 
16% 16% 
21% 21% 

Saturation Saturation 
10d 12% 21% 

12% Saturation 
21% 12% 

30d 12% 21% 
12% Saturation 
21% 12% 

80 mm x 160 mm 
D.Fir Glulam 

10d 12% 12% 
16% 16% 
21% 21% 

Saturation Saturation 
10d 12% 21% 
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Screw diameter Mass timber 
product Penetration length Initial Target EMC Final Target EMC 

12% Saturation 
21% 12% 

30d 12% 21% 
12% Saturation 
21% 12% 

13 mm 260 mm x 270 mm 
SPF CLT 

10d 12% 12% 
16% 16% 
21% 21% 

Saturation Saturation 
10d 12% 21% 

12% Saturation 
21% 12% 

30d 12% 21% 
12% Saturation 
21% 12% 

130 mm x 260 mm 
D.Fir Glulam 

10d 12% 12% 
16% 16% 
21% 21% 

Saturation Saturation 
10d 12% 21% 

12% Saturation 
21% 12% 

30d 12% 21% 
12% Saturation 
21% 12% 

 

The conditioning chambers' relative humidity and temperature settings are mentioned in Table 
3. The specimens were conditioned for at least three months in each conditioning stage until a 
constant weight was achieved, indicating uniform moisture content distribution inside the 
sample.  

Table 28. Conditioning chamber settings 
Conditioning Chamber 

No. 
Relative Humidity (%) Temperature (⁰C) EMC 

1 65 ± 2 20 12% 

2 80 ± 2 20 16% 

3 92 ± 2 20 21% 
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Screws were inserted into the samples when they reached a constant weight in the first 
conditioning stage. For ease of installing screws, pilot holes of diameter 0.5d were drilled in the 
specimen before the actual screw installation (reducing the torque requirement for installation). 
The samples were quickly put back in the conditioning chamber for the second conditioning 
stage when the screw installation was complete to minimize moisture loss to the atmosphere. 
When the samples reached a constant weight in the second conditioning stage, they were taken 
out of the conditioning chambers and tested. The inside of a conditioning chamber with CLT and 
glulam samples is shown in Figure 39. 

 

Figure 39. Conditioning of samples in conditioning chamber no. 3 

8.2 Methods 
The test setup schematic used for the withdrawal test is exhibited in Figure 40. Figure 41 shows 
the actual test setup with an 80x160 mm glulam specimen with 8mm screw and 30d penetration 
length. The so-called pull-push loading condition of the withdrawal test was adopted. In this 
loading condition, support was provided by a half-inch thick steel counter plate on the screw 
entrant side of the sample. The counter plate was supported by two square-shaped steel hollow 
structural sections (HSS 3"x3"x3/8") attached to the base plate by four fully threaded steel rods 
(Figure 40 and 41). An ad-hoc adapter was prepared using another square-shaped steel hollow 
structural section (HSS 5"×5"×0.5") with extension arms to hold two LVDT transducers. The tips 
of the LVDT transducers were supported on the top surface of the steel counter plate. A small 
half-inch steel bearing plate was used to anchor the head of the screw inside the adapter. The 
top of the adapter was attached to the machine head, which pulled the screw in tension. The 
LVDT transducers measured the relative displacement between the top of the screw head and 
the steel counter plate. The steel counter plate was sufficiently rigid to counteract bending 
deflections due to the tensile load exerted by the machine head, which was verified by 
structural analysis.  
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The withdrawal tests were performed to reach the maximum load within 90 ± 30 s according to 
the standard BS EN 1382-99. The withdrawal strength of the screws was determined with the 
following equation: 

𝑓𝑓𝑎𝑎𝑎𝑎 =
𝐹𝐹𝑚𝑚𝑎𝑎𝑎𝑎

𝜋𝜋𝑑𝑑𝑙𝑙𝑚𝑚𝑒𝑒
(23) 

Here, 𝐹𝐹𝑚𝑚𝑎𝑎𝑎𝑎 is the maximum applied load, 𝑑𝑑 is the outer thread diameter of the screw, 𝑙𝑙𝑚𝑚𝑒𝑒 is the 
effective penetration length of the screw inside the sample. The effective penetration length of 
the screw takes into account the length of the tip of the screw, which is not fully effective in 
imparting withdrawal resistance. The effective penetration length was determined according to 
the screw manufacturer's guide. 

Equations (24 and 25) were used to determine the withdrawal displacement (𝑤𝑤) of the screw. In 
equation 24, the elongation of the free part of the screw is subtracted to get the actual value of 
the withdrawal displacement. 

𝑤𝑤 =
𝛿𝛿1 + 𝛿𝛿2

2
−

𝜎𝜎𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚

𝐸𝐸
𝑙𝑙𝑝𝑝𝑝𝑝𝑐𝑐−𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑠𝑠 (24) 

 

𝜎𝜎𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚 =
𝐹𝐹𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝑚𝑚𝑝𝑝
𝜋𝜋
4 𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚

2
(25) 

Here, 𝛿𝛿1 and 𝛿𝛿2 are the displacements recorded by the LVDT transducers, 𝑙𝑙𝑝𝑝𝑝𝑝𝑐𝑐−𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑠𝑠 is the 
length of screw protrusion, 𝐸𝐸 is Young's modulus of the material of the screw, 𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚 is the inner 
core diameter of the screw. The inner core diameter of the screw has been used here based on 
the premise that the axial rigidity of the protruded part of screw comes from the core of the 
screw. The effective length (based on screw manufacturers’ guide) and the length of screw 
protrusion for the different screws used in the test program are given in Table 30. 

Table 29. Self-tapping screw specifications 

Product Penetration Length 
(mm) 

𝒆𝒆𝒆𝒆𝒆𝒆 (mm) 𝒆𝒆𝒆𝒆𝒆𝒆𝒑𝒑−𝒔𝒔𝒎𝒎𝒆𝒆𝒆𝒆𝒔𝒔 (mm) 

VGS 13x200 130 (10d) 120 55 

VGS 13x500 390 (30d) 380 95 

ASSY VG 8x160 80 (10d) 72 72 

ASSY VG 8x300 240 (30d) 232 52 
 

The applied force and the corresponding withdrawal displacement using equation (26) were 
used to plot the load-displacement curve for each specimen. From the load-displacement curve, 
the withdrawal stiffness was calculated according to the following formula: 

𝑘𝑘𝑠𝑠𝑚𝑚𝑝𝑝 =
𝐾𝐾𝑠𝑠𝑚𝑚𝑝𝑝

𝜋𝜋𝑑𝑑𝑙𝑙𝑚𝑚𝑒𝑒
 �N/mm3� (26) 
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Here, 𝐾𝐾𝑠𝑠𝑚𝑚𝑝𝑝 is the slope of the linear fit-line between 10-40% of the maximum load of the load-
displacement curve, and the other terms are as explained before. 

For specimen failing in failure mode 1 (screw tension), the following formula was used to 
calculate the STS strength, which is just the tensile strength of screw: 

𝑓𝑓𝑎𝑎𝑎𝑎,𝑡𝑡𝑚𝑚𝑚𝑚𝑠𝑠𝑖𝑖𝑎𝑎𝑚𝑚 =
𝐹𝐹𝑚𝑚𝑎𝑎𝑎𝑎

𝜋𝜋
4 𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚

2  �N/mm2� (27) 

Here, 𝑑𝑑𝑝𝑝𝑐𝑐𝑝𝑝𝑚𝑚 is the inner core diameter of the screw. 

 

 

  

 

Figure 40. Withdrawal test setup schematic 
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Figure 41. Withdrawal test setup 
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8.3 Results and Discussion 

8.3.1 Typical Load-displacement Curves from Withdrawal Test 
The load-displacement data were recorded from the readings of the machine actuator and the 
LVDT transducers as discussed in the previous section. A typical load-displacement curve from 
the withdrawal test is shown in Figure 42. The slope of the red-line in the figure was determined 
to get the value of the initial linear portion of the load-displacement curve.  

 

Figure 42. Typical Load-Displacement Curve 

8.3.2 Withdrawal Strength and Stiffness – 10d Penetration 
Length 

The results of the withdrawal test of the test configurations with 10d penetration length are 
summarized in Table 31. In the 'Moisture content change' column, the constant moisture 
conditions indicate that the moisture content of first and second stage conditioning was the 
same. 'Sat' condition in the Table represents the fully saturated condition of the sample, which 
is usually higher than 21% moisture content. On the contrary, the test configurations with 
differing moisture contents in the two conditioning stages are indicated by the first and second 
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stage conditioning moisture contents. The load-displacement graphs of the individual samples 
are given in Appendix II. 

Table 30. Withdrawal properties at 10d penetration length 

Screw 
diameter 

Mass 
timber 

product 

Moisture 
content 
change 

Mean Withdrawal Stiffness 
Withdrawal 

strength 
(N/mm2) 

Per Unit 
Area 

(N/mm3) 
COV 

Per Unit 
Length 

(kN/mm) 
Mean COV 

8 mm 

160 mm x 
170 mm 
SPF CLT 

12% Constant 12.63 10.92 22.86 9.39 10.01 
16% Constant 10.33 38.35 18.69 7.19 13.81 
21% Constant 7.73 25.06 13.98 6.45 12.38 
Sat Constant 7.07 29.12 12.80 5.64 6.23 

12% - 21% 8.05 18.42 14.57 6.13 6.57 
12% - Sat 6.93 21.34 12.55 5.08 11.81 

21% - 12% 9.14 13.48 16.55 8.40 8.10 

80 mm x 
160 mm 

D.Fir 
Glulam 

12% Constant 10.73 24.67 19.41 9.31 13.84 
16% Constant 11.23 12.52 20.32 9.13 12.15 
21% Constant 9.62 10.82 17.41 7.71 11.97 
Sat Constant 8.46 18.32 15.32 5.67 12.51 

12% - 21% 7.40 12.44 13.40 6.26 4.89 
12% - Sat 8.20 9.59 14.84 6.49 18.85 

21% - 12% 10.15 28.82 18.36 8.50 8.36 
13 mm 

260 mm x 
270 mm 
SPF CLT 

12% Constant 4.51 23.18 22.09 6.18 11.55 
16% Constant 4.33 19.73 21.23 6.04 11.55 
21% Constant 3.17 10.29 15.55 4.72 11.06 
Sat Constant 2.77 19.91 13.56 4.04 9.61 

12% - 21% 2.71 17.88 13.28 4.74 11.83 
12% - Sat 2.29 26.13 11.24 3.68 16.00 

21% - 12% 3.55 21.86 17.38 5.60 9.65 

130 mm x 
260 mm 

D.Fir 
Glulam 

12% Constant 5.33 24.09 26.13 8.83 4.32 
16% Constant 4.60 22.10 22.54 7.13 5.75 
21% Constant 4.17 20.12 20.46 5.64 5.13 
Sat Constant 4.21 18.26 20.65 5.47 8.49 

12% - 21% 4.21 6.13 20.62 6.24 4.70 
12% - Sat 2.74 14.59 13.42 4.77 8.06 

21% - 12% 5.26 22.52 25.77 7.89 7.29 

The withdrawal stiffness and strength of the 10d penetration length samples have been 
graphically compared in Figures 42 and 43. It was observed that the withdrawal stiffness of 
almost all samples with constant moisture content conditioning decreased with the increase in 
the moisture content. The only exceptions were the glulam with 8 mm diameter screw at 16% 
moisture content and the glulam with 13 mm diameter screw at fully saturated moisture 
condition. The withdrawal stiffness also decreased with the increase in the difference between 
the moisture conditions between the two conditioning stages (12%-21% and 12%-Sat), except 
for glulam with 8 mm diameter screw and 12%-Sat moisture conditions. Besides, from the 
withdrawal stiffness data trend, it was seen that wetting (12%-21% and 12%-Sat) has an overall 
effect of a decrease of the withdrawal stiffness while drying (21%-12%) increases the withdrawal 
stiffness.  
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The withdrawal strength of all samples with constant moisture content conditioning decreased 
with the increase in the moisture content. The withdrawal strength also decreased with the 
increase in the difference between the moisture conditions between the two conditioning 
stages (12%-21% and 12%-Sat), except for glulam with 8 mm diameter screw and 12%-Sat 
moisture conditions. Like the withdrawal stiffness, wetting has an overall effect of decreasing 
the withdrawal strength, while drying increases the withdrawal strength. The variability (COV) of 
the withdrawal strength was lower than the withdrawal stiffness for all the samples of 10d 
penetration length. 

 

Figure 43. Withdrawal stiffness comparison for 10d penetration length 
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Figure 44. Withdrawal strength comparison for 10d penetration length 

A linear model describing the relationship between the withdrawal strength and moisture 
content was determined by the method of least squares, similar to the approach adopted by 
Ringhofer et al. (2014), which is shown in Figure 44. In deriving the relationship, the withdrawal 
strength data of 12%, 16% and 21% constant moisture content samples were utilized. The 
following equation gives the linear model: 

𝑓𝑓𝑎𝑎𝑎𝑎,𝑚𝑚𝑝𝑝 = 𝑓𝑓𝑎𝑎𝑎𝑎,12�1 − 𝑘𝑘𝑚𝑚𝑝𝑝(𝑚𝑚𝑚𝑚 − 12)� for 12% ≤ 𝑚𝑚𝑚𝑚 ≤ 21% 

Here, 𝑓𝑓𝑎𝑎𝑎𝑎,𝑚𝑚𝑝𝑝 is the withdrawal strength at a given moisture content, 𝑓𝑓𝑎𝑎𝑎𝑎,12 is the withdrawal 
strength at 12% moisture content, which is taken as the reference point. 𝑘𝑘𝑚𝑚𝑝𝑝 is an inclination 
factor that accounts for the decrease in withdrawal strength at moisture content between 12% 
and 21%, and 𝑚𝑚𝑚𝑚 is the moisture content in the wood member. The inclination factor for the 
determined from the test are given in Table 32. 
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Figure 45. Linear model of the withdrawal strength and moisture content relationship 

Table 31. Inclination factors 
Screw diameter Mass timber product 𝒌𝒌𝒎𝒎𝒎𝒎 

8 mm 
160 mm x 170 mm SPF CLT 0.038 

80 mm x 160 mm D.Fir 
Glulam 

0.017 

13 mm 
260 mm x 270 mm SPF CLT 0.024 

130 mm x 260 mm D.Fir 
Glulam 

0.041 
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8.3.3 Self-tapping Screw Strength – 30d Penetration Length 
The results of the withdrawal test of the test configurations with 30d penetration length are 
summarized in Table 32. In contrast to the 10d penetration length case, the moisture contents 
of the two conditioning stages for the 30d penetration length samples were varied. For the 30d 
penetration length, the screws failed in tension before they could reach the withdrawal 
resistance. As a result, all the samples of the 30d penetration length failed due to the tensile 
failure of the screw (failure mode 1) instead of screw withdrawal (failure mode 2). In Table 32, 
the self-tapping screw strength was calculated according to equation (27). The location of the 
screw failure varied according to the sample type. For most of the samples, the screw failed 
outside the wood specimen, while for two groups of samples, the screw failed inside the wood 
specimen.  

Table 32. Withdrawal properties at 30d penetration length 

Screw 
diameter Mass timber product 

Moisture 
content 
change 

STS strength (N/mm2) 
Failure location 

Mean COV 

8 mm 

160 mm x 170 mm SPF CLT 

12% - 21% 1082.85 1.86 Outside wood 

12% - Sat 1003.55 6.95 Inside wood 

21% - 12% 1094.30 2.65 Outside wood 

80 mm x 160 mm D.Fir Glulam 

12% - 21% 1139.45 3.28 Outside wood 

12% - Sat 1139.06 2.36 Outside wood 

21% - 12% 1121.06 5.42 Outside wood 

13 mm 

260 mm x 270 mm SPF CLT 

12% - 21% 1159.41 2.46 Outside wood 

12% - Sat 995.02 6.71 Inside wood 

21% - 12% 1150.16 1.45 Outside wood 

130 mm x 260 mm D.Fir Glulam 

12% - 21% 1171.72 1.39 Outside wood 

12% - Sat 1157.86 1.02 Outside wood 

21% - 12% 1154.30 1.74 Outside wood 

CT scan was conducted on a few samples of the 30d penetration length to see if the screws 
failed in tension due to the swelling of wood before the withdrawal tests were conducted. Due 
to project budget constraints, CT scan was not conducted on all the withdrawal test specimen. 
CT scan on the following specimen configurations were conducted: 

Table 33: CT Scan Sample Configurations 

Screw diameter Mass timber product Moisture content change 

8 mm 
160 mm x 170 mm SPF CLT 12% - Sat 

80 mm x 160 mm D.Fir Glulam 12% - Sat 

13 mm 

260 mm x 270 mm SPF CLT 
12% - 21% 

12% - Sat 

130 mm x 260 mm D.Fir Glulam 
12% - 21% 

12% - Sat 
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A few images from the CT scans are shown in Figure 48. In the images, the yellow region 
indicates the mass timber product and the black silhouette in the middle is the self-tapping 
screw. In a few cases, multiple CT scan images were taken to investigate any potential breakage 
of the screw (for example the bottom left image in Figure 48).From the CT scan images, it was 
observed that none of the screws broke before conducting the withdrawal tests. Further, from 
Table 32, it can be observed that the STS strengths are comparable to the tensile strengths of 
the screws determined initially (Table 7), thus confirming that the screws did in fact fail in 
tension during the withdrawal test. 

 

Figure 46: CT scan images 

A limitation of this research is the fully saturated condition was not quantified in terms of the 
actual moisture content in the samples. It has been traditionally accepted that the wood 
properties do not change significantly after the fibre saturation point (Ross & USDA Forest 
Service., 2010), which corresponds to the fully saturated condition of the samples. Another 
limitation of this research is that the actual moisture content inside the samples was not 
determined at the end of the two conditioning stages and at the time of testing. The 
conditioning chambers' EMC was considered as the actual moisture content inside the samples, 
which might deviate from the actual moisture content of the samples by ± 1.5%, based on the 
measurement of moisture content of some trial samples.  
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Figure 47. Screw failure inside the wood specimen  

 

Figure 48. Screw failure outside the wood specimen 

9 SUMMARY AND CONCLUSIONS 
In this report, the following areas have been investigated: 

• Mechanical properties of self-tapping screws from tensile tests 
• Moisture transport properties of mass timber products 
• Swelling properties of mass timber products 
• Self-tapping screw withdrawal properties  

The next step in understanding the behaviour of self-tapping screws in mass timber products 
under varying moisture conditions is to develop an analytical and/or numerical model to predict 
the stress distribution inside the screw. The stress distribution will be helpful in identifying 
critical conditions of failure for the screws. 
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APPENDIX I: SUMMARY OF STS TENSILE 
TEST RESULTS  
Table I.1 Test results of ASSY 6-200 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 209012 1157 0.0075 1239 0.0152 0.0155 
2 220313 1182 0.0074 1305 0.0305 0.0324 
3 190549 1195 0.0083 1316 0.031 0.0343 
4 215719 1181 0.0074 1304 0.0309 0.0367 
5 231876 1207 0.0071 1328 0.0262 0.0275 
6 202032  1195 0.0079 1319 0.0292 0.0315 

Mean 211584 1187 0.0076 1302 0.0272 0.0297 
CoV 6.8 1.5 5.6 2.5 22.7 25.6 

σy -  yield strength 
σt -  tensile strength 
εy -  strain at yield strength 
εt -  strain at tensile strength 
εmax -  strain at failure 
 
Table I.2 Test results of ASSY 8-160 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 198842 1197 0.008 1310 0.0196 0.0201 
2 Error in 

measurement 
Error in 

measurement 
Error in 

measurement 
Error in 

measurement 
Error in 

measurement 
Error in 

measurement 
3 220361 1214 0.0075 1319 0.0246 0.0587 
4 205479 1185 0.0078 1287 0.0172 0.0178 
5 209888 1192 0.0076 1286 0.0174 0.018 
6 206448 1172 0.0076 1278 0.0212 0.0217 

Mean 208204 1193 0.0077 1297 .02 0.0273 
CoV 3.8 1.3 2.6 1.4 15.3 64.7 

 
Table I.3 Test results of ASSY 10-200 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 233014 1269 0.0074 1361 0.01558 0.01564 
2 217437 1283 0.0079 1385 0.01701 0.01715 
3 234233 1286 0.0075 1377 0.01486 0.01502 
4 215678 1282 0.0079 1370 0.01658 0.01674 
5 232381 1298 0.0076 1385 0.01531 0.01557 
6 226713 1238 0.0075 1337 0.01555 0.01568 
7 219280 1287 0.0079 1377 0.01593 0.01621 
8 223265 1273 0.0077 1365 0.01586 0.01602 
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No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
Mean 225250 1277 0.0077 1370 0.01584 0.016 
CoV 3.3 1.4 2.7 1.2 4.3 4.3 

 
Table I.4 Test results of ASSY 12-200 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 214631 1215 0.0076 1332 0.0211 0.0219 
2 211849 1174 0.0075 1258 0.0222 0.0301 
3 218071 1202 0.0075 1278 0.0193 0.0244 
4 230825 1215 0.0073 1291 0.0153 0.0157 
5 213298 1197 0.0076 1270 0.0156 0.016 
6 217867 1212 0.0075 1309 0.0163 0.0167 

Mean 217757 1203 0.0075 1290 0.0183 .0208 
CoV 3.2 1.3 1.5 2.1 16.3 27.7 

 
Table I.5 Test results of VGS 9-360 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 229948 1314 0.0077 1435 0.022 0.02294 
2 Error Error Error Error Error Error 
3 193898 1306 0.0087 1430 0.02212 0.02275 
4 Error Error Error Error Error Error 
5 212259 1230 0.0078 1324 0.01674 0.01694 
6 209750 1300 0.0082 1405 0.02414 0.02905 
7 229445 1315 0.0077 1420 0.02091 0.025 
8 223672 1241 0.0076 1348 0.02189 0.02719 

Mean 216495 1284 0.008 1394 0.0213 0.0234 
CoV 6.4 3.0 5.3 3.3 11.6 17.6 

 
Table I.6 Test results of VGS 11-200 

No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 
1 Error Error Error Error Error Error 
2 Error Error Error Error Error Error 
3 217018 1387 0.0084 1545 0.01987 0.02015 
4 Error Error Error Error Error Error 
5 233364 1324 0.0077 1493 0.01785 0.01808 
6 252935 1310 0.0072 1413 0.01369 0.01383 
7 295462 1351 0.0071 1474 0.01542 0.0157 
8 270145 1305 0.0068 1422 0.01618 0.01639 
9 Error Error Error Error Error Error 

Mean 253785 1335 0.0074 1469 0.0166 0.01683 
CoV 12.1 2.5 8.4 3.7 14.2 14.3 
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Table I.7 Test results of VGS 13-200 
No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 

1 260981 1160 0.0064 1258 0.0151 0.019 
2 243072 1082 0.0065 1181 0.0151 0.01527 
3 Error Error Error Error Error Error 
4 Error Error Error Error Error Error 
5 232074 1091 0.0067 1137 0.01006 0.01042 
6 Error Error Error Error Error Error 
7 Error Error Error Error Error Error 
8 Error Error Error Error Error Error 
9 187889 1071 0.0077 1144 0.01375 0.01383 

10 232673 1105 0.0068 1185 0.01593 0.01624 
11 202893 1050 0.0072 1154 0.02681 0.02768 

Mean 226597 1093 0.0069 1177 0.01613 0.0171 
CoV 11.8 3.4 7.1 3.8 34.9 34.6 

 

Table I.8 Test results of VGZ 5-160 
No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 

1 264726 1278 0.0069 1386 0.0192 0.0198 
2 235193 1253 0.0073 1360 0.0193 0.0195 
3 228658 1262 0.0074 1355 0.0193 0.0199 
4 223639 1231 0.0074 1319 0.0209 0.0218 
5 224272 1263 0.0076 1363 0.0204 0.0212 
6 238106 1285 0.0073 1386 0.0203 0.0208 

Mean 235766 1263 0.0073 1362 0.0199 0.0205 
CoV 6.5 1.5 3.2 1.8 3.5 4.5 

 

Table I.9 Test results of VGZ 11-250 
No. MOE (MPa) σy (MPa) εy σt (MPa) εt εmax 

1 202042 1152 0.0077 1200 0.01153 0.01165 
2 240822 1196 0.007 1200 0.00708 0.00709 
3 Error Error Error Error Error Error 
4 208369 1196 0.0077 1208 0.00865 0.00879 
5 254032 1166 0.0069 1187 0.00862 0.01792 
6 Error Error Error Error Error Error 

Mean 226316 1178 0.0073 1199 0.00897 0.01136 
CoV 11.1 1.9 5.9 0.7 20.7 41.9 
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APPENDIX II: SUMMARY OF WITHDRAWAL 
TEST RESULTS  

 

Figure I.1: CLT with 8 mm diameter screw, 12% constant MC, 10d penetration length 

 

Figure I.2: CLT with 8 mm diameter screw, 16% constant MC, 10d penetration length 
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Figure I.3: CLT with 8 mm diameter screw, 21% constant MC, 10d penetration length 

 

Figure I.4: CLT with 8 mm diameter screw, Sat constant MC, 10d penetration length 
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Figure I.5: CLT with 8 mm diameter screw, 12% - 21% MC, 10d penetration length 

 

Figure I.6: CLT with 8 mm diameter screw, 12% - Sat MC, 10d penetration length 
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Figure I.7: CLT with 8 mm diameter screw, 21% - 12% MC, 10d penetration length 

 

Figure I.8: CLT with 8 mm diameter screw, 12% - 21% MC, 30d penetration length 
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Figure I.9: CLT with 8 mm diameter screw, 12% - Sat MC, 30d penetration length 

 

Figure I.10: CLT with 8 mm diameter screw, 21% - 12% MC, 30d penetration length 
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Figure I.11: CLT with 13 mm diameter screw, 12% constant MC, 10d penetration length 

 

Figure I.12: CLT with 13 mm diameter screw, 16% constant MC, 10d penetration length 
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Figure I.13: CLT with 13 mm diameter screw, 21% constant MC, 10d penetration length 

 

Figure I.14: CLT with 13 mm diameter screw, Sat constant MC, 10d penetration length 
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Figure I.15: CLT with 13 mm diameter screw, 12% - 21% MC, 10d penetration length 

 

Figure I.16: CLT with 13 mm diameter screw, 12% - Sat MC, 10d penetration length 
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Figure I.17: CLT with 13 mm diameter screw, 21% - 12% MC, 10d penetration length 

 

Figure I.18: CLT with 13 mm diameter screw, 12% - 21% MC, 30d penetration length 
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Figure I.19: CLT with 13 mm diameter screw, 12% - Sat MC, 30d penetration length 

 

Figure I.20: CLT with 13 mm diameter screw, 21% - 12% MC, 30d penetration length 
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Figure I.21: Glulam with 8 mm diameter screw, 12% constant MC, 10d penetration length 

 

Figure I.22: Glulam with 8 mm diameter screw, 16% constant MC, 10d penetration length 
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Figure I.23: Glulam with 8 mm diameter screw, 21% constant MC, 10d penetration length 

 

Figure I.24: Glulam with 8 mm diameter screw, Sat constant MC, 10d penetration length 



79 
 

 

Figure I.25: Glulam with 8 mm diameter screw, 12% - 21% MC, 10d penetration length 

 

Figure I.26: Glulam with 8 mm diameter screw, 12% - Sat MC, 10d penetration length 
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Figure I.27: Glulam with 8 mm diameter screw, 21% - 12% MC, 10d penetration length 

 

Figure I.28: Glulam with 8 mm diameter screw, 12% - 21% MC, 30d penetration length 
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Figure I.29: Glulam with 8 mm diameter screw, 12% - Sat MC, 30d penetration length 

 

Figure I.30: Glulam with 8 mm diameter screw, 21% - 12% MC, 30d penetration length 
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Figure I.31: Glulam with 13 mm diameter screw, 12% constant MC, 10d penetration length 

 

Figure I.32: Glulam with 13 mm diameter screw, 16% constant MC, 10d penetration length 
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Figure I.33: Glulam with 13 mm diameter screw, 21% constant MC, 10d penetration length 

 

Figure I.34: Glulam with 13 mm diameter screw, Sat constant MC, 10d penetration length 
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Figure I.35: Glulam with 13 mm diameter screw, 12% - 21% MC, 10d penetration length 

 

Figure I.36: Glulam with 13 mm diameter screw, 12% - Sat MC, 10d penetration length 
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Figure I.37: Glulam with 13 mm diameter screw, 21% - 12% MC, 10d penetration length 

 

Figure I.38: Glulam with 13 mm diameter screw, 12% - 21% MC, 30d penetration length 



86 
 

 

Figure I.39: Glulam with 13 mm diameter screw, 12% - Sat MC, 30d penetration length 

 

Figure I.40: Glulam with 13 mm diameter screw, 21% - 12% MC, 30d penetration length 
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