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ABSTRACT: Integrity of the adhesive bond is an imperative criterion for qualifying layered engineered wood-based 
composites (EWP) for structural use.  In cross laminated timber (CLT) even moderate variations in lamination thickness 
within the same layer can significantly affect the pressure distribution at the intersections of laminations, this study aims
to address the strict criteria set by the North American CLT product performance standard ANS   I/APA PRG320, which 
are not yet supported by theoretical or experimental data. By employing Digital Image Correlation (DIC) techniques, the 
goal of this study is to determine the effect of thickness variation in CLT laminations on bond formation and the resulting 
integrity in CLT lay-up while also addressing a critical knowledge gap regarding the fundamental aspects of cross-
laminated panel construction, ultimately providing valuable insights for CLT manufacturers. The specific objectives were 
to (1) determine the effect of thickness variation in adjacent lamination on pressure transfer and adhesive bond formation 
between layers (2) measurement of adhesive bond integrity distribution in lab specimens with known thickness variation, 
(3) determination of structural performance in panels fabricated with lamella of known thickness tolerance. The research
expects that CLT with tight thickness tolerance has a better pressure transfer and bond integrity.
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1 – INTRODUCTION & BACKGROUND 
123

Cross-laminated timber (CLT), first introduced in 
commercial construction in Germany and Austria in the 
late 1990s, is a wood-based composite made by gluing 
together structural grade lumber in alternating grain 
directions. In 1970, solid wood construction contributed 
to the building culture of the forested Alpine and 
European regions, but it did not suit the architectural 
requirements and development well and it was gradually 
pushed to the side. Before the eventual breakthrough in 
1980s and 1990s with the introduction of cross laminated 
timber, development trends in solid wood construction 
were quiet. The need to find a more valuable application 
for the side boards during the 1990s by the sawmill 
industry led to the introduction of CLT in the 1990s [1]. 
The word CLT was first translated into English from the 
German word “Brettsperrholz” by [2]. The German word 
“Brettsperrholz” (BSP), however, was initially coined by 
[3] to designate materials that are mostly used for the
solid vertical central plate that connects the top and
bottom flanges of a girder while [4] further uses the same
word in connection to timber bridge decks. The first
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translation of the term “Brettsperrholz” into CLT was 
used to designate products that are used for web of solid 
girders. Also, [5] in his work, used the term 
“Brettlagenholz” to portray specific subgroup within the 
broader classification of "laminar laminated timber 
products. Interestingly, they are often associated and 
linked to shells, grid-shells, or three-dimensional spatial
grid structure.

Historically, the development and use of laminar 
laminated timber products began in the 19th century, with 
notable contributions from Schuchow (1896) and Kalep 
(1908) [6]. Research in laminated timber products 
continued in the 1960s and advanced further with 
Cziesielski (1974) and others. The first residential 
buildings using solid wood panels as primary load-
bearing elements were pioneered by Schuler and Guyer 
in 1993 [7]. Moser pioneered the first residential 
buildings reflecting the current state-of-the-art in 
Germany in 1995, as noted by other authors.   

For proper understanding and connection of the concept 
of CLT, there is a need to journey to uncover the origins 
of CLT as this takes us through Switzerland, Germany, 
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and Austria, where several scientists delve into archives 
and interview pioneering architects, engineers, and 
industrial owners. Their investigation reveals how 
collaboration and innovation transformed surplus timber 
into a groundbreaking building material.   

In Switzerland, the historical development of Cross-
Laminated Timber (CLT) began in the early 1990s in 
Rothenthurm, driven by the need to utilize surplus wood 
from sawmills. Pioneered by Pius Schuler, the process 
initially involved producing high-quality veneered wood 
panels “Tischlerplatten” (blockboards), later scaling up 
to larger laminated building materials [8]. Schuler’s 
innovations included using a band saw to cut glulam 
beams or single-layer panels and improving the 
“Blockholz” (log wood) process with three-layer cross-
laminated panels for enhanced stability and moisture 
resistance.  The advantage of Schuler’s method was the 
reduction in both the number and size of construction and 
expansion joints, achieving nearly seamless connections 
with gaps measured in millimeters rather than 
centimeters.  Furthermore, the single-layer member of 
the Schuler’s “massiver laminierter Block” (massive 
laminated block) bending strength was confirmed in Biel 
by Heinz Koster and Fritz Maeder (both Schulers 
academic partners) to be 36MPa, a value that is similar to 
glulam of high-grade. [8]. Early projects, like the Wiki 
House, demonstrated CLT’s potential for low-cost, 
sustainable construction, combining industrial efficiency 
with craftsmanship and influencing the evolution of 
timber engineering in Switzerland. 

German timber engineering, on the other hand, has its 
share of the journey. In the early 1990s, alongside 
Schuler’s Blockholz developments, Karl Moser in 
Aichach, Germany, was working on creating cross-
laminated “Dickholz” (thick wood) panels using side 
boards from local sawmills. Moser, inspired by Kerto 
laminated veneer lumber (LVL) panels from Finland, 
used vacuum press technology to laminate these panels 
[8] [9]. By 1994, Moser successfully produced a
prototype, later patenting the vacuum-glued process. The
process further witnessed continuous refining, leading to
the emergence of innovations like robotic arms for
automated cutting and larger vacuum presses for bigger
panels. In 1995, Moser’s company completed the
Aichach Kreisgut Housing project, a major pilot for
cross-laminated Dickholz panels, demonstrating the
potential for wood in multi-story, affordable housing.
Despite the panels not being officially approved yet, the
project received special approval. [10]. The buildings
used a mix of solid cross-laminated Dickholz panels for
exterior walls and Filigree concrete slabs for floors. This
project helped generate interest in large-scale CLT

construction and influenced later developments in the 
field. 

In Austria, its contribution to the development of CLT 
began as that of its Swiss and German counterpart in the 
early 1990s. when compared to Germany and 
Switzerland seems uncleared due to limited documented 
information in the public domain.  The Austrian timber 
industry integrated engineering advancements and 
sustainability, optimizing CLT from local resources. 
Close collaboration between researchers and industry 
drove innovation, establishing Austria as a global CLT 
leader. 
 The concept of CLT as a product was developed back in 
the 1970s – 1980s, but not until 1998 that it received 
technical approval, which marks a significant milestone 
sparking a decade of research, development, application, 
and production between 2000 – 2009 [11].  

Its demand as an engineered wood product (EWP) over 
lumber has increased with the advances in technology 
and environmental awareness. The distribution of natural 
wood defects in engineered wood products (EWPs), 
according to [12], contributes to greater uniformity in 
their mechanical and physical properties when compared 
with lumber. Consequently, [13] opined that the 
structural efficiency of wood frame construction is 
enhanced, the performance of buildings is improved, and 
costs are also reduced. CLT can support loads both in and 
out of plane and is utilized as a floor element, full-size 
wall, bridge deck, and linear timber parts. According to 
[14], the principal advantages of utilizing CLT above 
other conventional engineered wood products (EWP) are 
increased in-plane compressive strength and stiffness, 
improved acoustic and thermal performance, and 
enhanced integrity.  Extensive research resulted in 
creation of design guidelines and product standards [12] 
[13] [15] [16]. Ever since the first commercial
introduction of CLT over the past three decades, the
global production volume has continuously witnessed a
significant increase [17] [18] [19] with an estimated
annual global output of just over 2,000,000 m3 in 2023.
The CLT global output witnessed a thirtheen percent
increase accounting for about 2,300,000 m3 and was
estimated to reach 2,800,000 m3 – 3,400,000 m3 at the end 
of 2025 [19] about 90% of the world CLT productions
comes from Europe (includes Austria, Germany, Italy,
Switzerland and Czechia e.t.c) [19] [20] [21] [22] [23].

In the production of CLT, one of the principal concerns 
is the integrity and performance of adhesive bonds as it 
significantly impacts the panel quality and structural 
application. Since the production of CLT entails gluing 
together structural grade lumber in perpendicular 
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directions to each other, the strength properties of the 
CLT would be affected by the stress distributed across 
the adjacent layers of the laminar when used in load-
bearing applications.  

Bond integrity can be affected by several factors and one 
of them is clamping pressure, which in CLT may depend
on the thickness variation in all layers. The [16] has 
adopted the world's strictest criteria on the performance 
of the adhesive bonds and thickness tolerance criteria that 
requires a 0.20mm threshold for CLT but does not 
provide much empirical evidence of how they came 
about it. Thus, necessitates understanding how thickness 
variations influence bond integrity, and this knowledge 
would empower manufacturers to produce CLT with 
acceptable adhesive bonds, fostering wide products 
acceptances. In a parallel project 3-layer and 5-layer CLT 
panels of dimension 243.84 cm by 304.8 cm were 
fabricated in OSU pilot plant with three replicates each. 
Two panels were used for bending test using [24] and was 
dissected into blocks after failure. 7.62 cm x 7.62 cm 
specimens were obtained from the panel and subjected to 
block shear and cyclic delamination test using PRG320-
2019.

The result show widespread delaminations in these 
panels despite “passing” performance when standard 
sampling was applied.

Figure 1: Distribution of specimens failing PRG320-
2019 delamination criterion in 3-ply 
prototype panels with possible sampling 
areas marked as solid and dashed red 
rectangles

The hypothesis of this study is that the effect of thickness 
variation in laminations on local bonding conditions at 
clamping pressures used in the industry, and 
consequently on the structural performance of structural 
panels can be determined empirically. The specific 
objectives of this study were to (1) determine the effect 
of thickness variation in adjacent lamination on pressure 
transfer and adhesive bond formation between layers (2) 
measurement of adhesive bond integrity distribution in 
lab specimens with known thickness variation, (3) 

determination of structural performance in panels 
fabricated with lamella of known thickness tolerance. 
This presentation will focus on Objective 1.

3 – MATRIALS & METHODS
The approach in this study involves the use of empirical 
tests and coupled with numerical modelling. DIC was 
used to measure the strain displacement.   

3.1 – EXPERIMENTAL SETUP 
In this study, three boards of white fir (Abies concolor) 
wood with a dimension of 12.7 cm x 243.84 cm were 
selected. The thickness of each board was measured at 
15.24 cm, at both sides along the grain. Then based on 
the average thickness obtained from both sides of the 
board, the boards were cut into pieces for three-layered
and five-layered CLT, core, and face layers. Three pieces 
of nominal 2 x 6 lumber were cut into sections and 
processed into 10.16 cm x 10.16 cm x 3.81 cm blocks for 
the core layer and 30.48 cm x 10.16 cm in blocks for the 
longitudinal layer of the scaled-down test layup. The 
thickness of each block was measured at 6 points along 
the side along the grain. The left and right sample blocks 
at the core were kept at the same thickness tolerances, 
and that of the centre varied. Specimen layups with 
known thickness tolerances were then subjected to 
clamping pressure using the Instron universal testing 
machine (UTM). 

3.2 – Digital image correlation (DIC)
The qualitative and quantitative study of the mechanical 
behavior of materials under certain loading conditions is 
provided by Digital Image Correlation (DIC). DIC 
(Correlated Solutions, Columbia, SC, USA) was used to 
track the deformation of CLT cross-layers under 
compression load. A subset of 29 and a set size of 1 were
used, and a precision value of 3.41 x 10-3 and 1.32 x10-3

macrostrain was achieved. 

A uniform surface with one color cannot be recognized 
by DIC. All pixels have the same color, and then the 
same value of gray scale. Hence, the speckled pattern on 
the CLT layup was created by black spray (Figure 2).

Figure 2. The surface of CLT layup with and without 
applying black spray.
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The DIC was calibrated before the commencement of the 
test to enable the system to recognize the target in a 
couple of different positions.   With the camera, DIC 
software triangulates the camera position accurately and 
cracks or calculates any lens distortion. The calibration
target was focused on both cameras. A metal grit 
(calibration target or plate) with three reference markers 
was placed in front of the camera. Several positions for 
the metal grit were defined (tiled edge on right and left, 
push back the bottom line of the metal grit push forward 
the bottom line of metal plate) Figure 3. Shots were taken 
from each position of the metal grit (twenty shots) for the 
calibration. The resulted value of calibration was below 
0.02 (standard deviation of the residual after model 
created by triangular camera position; in other words, the 
residual of the bundle adjustment optimization process 
used to calibrate a DIC system).   

The deformation on the face of the test layup was then 
measured using optical system based on the digital image 
correlation (DIC) principle. The test layups were
subjected to nominal stress of 1 MPa at ramp rates of 3 
mm/min and 4 mm/min for 3-layered and 5-layered dry 
CLT respectively. Examples of 3-layer setups are shown 
(Figure 4). The DIC tracks the deformation of CLT cross-
layers under compression load. The elastic modulus for 
individual blocks was calculated using the stress and 
strain displacement obtained from UTM and DIC. 

Figure 3: Dry CLT layup under clamping pressure

5 – PRELIMINARY RESULTS
The thickness distribution of the samples is shown in 
Figure 4. The preliminary results for the vertical 
displacement map for the transverse dry blocks of 3ply 
and 5ply CLT layup were presented in Figure 5. The 
pressure transfer in the transverse blocks of dry CLT 
layup is presented in Figure 6, while the results for the 

stress distribution for both 3ply and 5ply CLT are
presented in Figure 7. Based on the result from the 
preliminary study, the outcome of this study is expected 
to show that thickness tolerance of the three-layered and 
five-layered CLT layup above 0.20 mm will have a 
negative impact on the distribution of local pressure 
across the CLT and bond formation.   

Figure 4: Distribution of sample thickness 

As revealed in Figure 4, the average thickness of the 
samples selected for the lies between 33.00 mm – 34.00 
mm. The strain deformation map, as revealed in Figure 5
shows that all three pieces at the core of the 3-ply CLT
layup with tight thickness experience equal deformation
as there is a better pressure transfer compared to the
samples with a 2.00 mm gap thickness variation where
the least deformation was observed at the center piece.
In Figure 6, it is observed that pressure was transferred in
all the pieces in the dry CLT layup with a tight tolerance,
where the centerpieces had the better average stress value
of 0.0015 MPa compared to the sample with a 2.00 mm
gap thickness, where the centre piece had the lowest
average stress value, as there was no visible form of
transferred pressure. As revealed, a similar trend was also
observed in the 5-ply CLT layup. Furthermore, the
average stress distribution, as reported in Figure 7,
equally followed a similar pattern for the 3-ply and 5-ply
layups; however, it was observed that the first left piece
had the highest average stress value. This could be
attributed to the difference in stiffness (elastic moduli) of
individual pieces. A different average stress distribution
trend was observed for the 5-ply CLT layup.
.
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A b

c d 
Figure 5: a) and b Vertical displacement map in 3ply CLT with tight thickness tolerance while c) and d) displacement 

map for 5ply in transverse block of dry CLT layup

a b

c
d 

Figure 6: a) average stress in 3Ply CLT with tight thickness b) with  2.0 mm gap c) 5Ply with 0.01 mm thickness 
tolerance d) with 0.20 mm  average displacement
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Figure 7: a) and b)  average stress distribution of 3Ply CLT with tight thickness and  2.0 mm gap c) and d) average 
stress distribution of 5ply CLT with  5Ply 0.01 mm and 0.20 mm thickness tolerance

6 – PRELIMINARY CONCLUSIONS
CLT with a tight thickness has better pressure transfer
and integrity when compared to CLT with exaggerated 
gap. The method developed was able to demonstrate that 
thickness tolerance can influence the pressure 
distribution in CLT layup. 
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