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Effect of Different Thickness of the Layers of
Cross-laminated Timber Made from Chinese Fir on the
Mechanical Performance
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Under the premise of an unchanging total thickness in cross-laminated
timber (CLT) made from Chinese fir, research into the effect of different
CLT laminate thicknesses on the mechanical performance (bending and
shear performance) was performed using the existing CLT static analysis
theory to calculate and compare the bending performance of CLT
specimens. The results showed that at constant total thickness the
bending performance increased, the shear performance worsened, and
the destruction mode of the CLT structure became simpler with an
increase in the CLT laminate thickness. Increasing the odd to even layer
thickness ratio effectively improved the bending and shear performance of
the CLT specimens for a certain percentage range.
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INTRODUCTION

The main forms of timber structures in China are light wood frame constructions,
glued laminated timber structures, and sawn and round timber structures. Among these
forms, the light wood frame construction, which is used in North America, occupies a
major position in the modern timber structure system. However, GB 50005-2003 (2003)
restricts the height of light wood frame constructions and stipulates that they should not
exceed three floors, which greatly limits modern timber structural development in China.
This situation has changed with the creation of cross-laminated timber (CLT), which is a
new building structural material that adopts a lay-up method of stacking adjacent laminates
with 90° cross-laminates to maintain a high dimensional stability and excellent mechanical
performance. Foreign CLT buildings have been built with more than 18 floors, and China
has developed the standard GB/T 51226-2017 (2017) in response (Yang 2017).
Additionally, the design plan for the first six-story timber structure in China has been
initially completed and will be implemented in Shandong Province. If CLT can be
promoted in China, it will greatly promote the development of modern timber structures.

Much research on CLT has been conducted abroad (Park et al. 2003; Frangi et al.
2009; Zhou et al. 2014; Schneider et al. 2015; Cao et al. 2016; Knorz et al. 2017; Hashemi
et al. 2018). However, in China, only Nanjing Forestry University, the Chinese Academy
of Forestry, and other scientific research institutes have researched material performance,
section design, node connection bearing, rolling shear, bending, and other mechanical
performances of timber bridges and buildings with CLT.
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The Chinese Academy of Forestry has discussed the influences of the laminate
modulus, lay-up direction, and layers on the mechanical performance of CLT (Wang et al.
2014b; Que et al. 2015; Dong and Wang 2016; Gong 2017; Que et al. 2017). Cross-
laminated timber is a multi-layer composite material, and laminates should not be too thick
or too thin. For the overall thickness dimension, if the laminate is too thick, it will cause
the overall structure of the component to not be uniform, which could cause a defect that
IS too concentrated. If the laminate is too thin, not only are there higher demands of the
manufacturing process, but it also increases the amount of wood and gum (Guo 2007).
When meeting the mechanical performance requirements, the thickness of the laminate
should be fully considered. However, there is a lack of research on the thickness of CLT
laminates in China.

Fir (Cunninghamia lanceolata (Lamb.) Hook) is an important tree species in
Southern China that possesses characteristics of fast growth and high yields (Wang et al.
2014a). However, because fir is a fast-growing wood, it has a poor strength, moisture
absorption, dimensional instability, and other defects that limit its applications. At present,
Chinese fir is mainly used in decorations, furniture, and other minor uses. Therefore,
actively broadening the scope of Chinese fir application not only can improve the
utilization of Chinese fir, but also promote the development of the wood industry in China
to a larger extent.

Chinese fir was chosen as the raw material for the lay-up laminates and cold press
molding and to research the effect of the CLT laminate thickness on the mechanical
performance with the condition of an unchanged overall thickness through the static testing
of CLT laminates with different thicknesses. This will not only expand the application
scope of Chinese fir, but also promote the development of CLT and accelerate the
development of modern timber structures in China.

EXPERIMENTAL

Materials

The raw materials were market-purchased Chinese fir, which was made in Fujian
Province. The average density was 0.394 g/cm® and the average moisture content was
13.5%. The relevant specifications of GB/T 50329-2002 (2002) were used for preparing
specimens with a section size of 300 mm x 95 mm, and lengths of 2200 mm and 500 mm
were used for the bending and shear tests, respectively. Three samples were tested for each
of the properties.

The adhesive used was polyurethane, specifically HB S309, which is a one-
component liquid polyurethane adhesive (Heinkel Adhesives, Disseldorf, Germany). The
maximum aging time was approximately 30 min, and the curing time was approximately
120 min.

The performance of the multi-layer composite materials is closely related to the
performance of the constituent structural units, and so it was necessary to test various
performance parameters of the Chinese fir boards before the CLT mechanical testing. The
parameters were performed according to GB/T 1935-2009 (2009), GB/T 1936.1-2009
(2009), GB/T 1936.2-2009(2009) and GB/T 1937-2009(2009). Ten samples were tested
for each of the performance. The test results are shown in Table 1.
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Table 1. Results of the Mechanical Performance of the Chinese Fir Slats

Standard Coefficient of
Value Deviati Variati
Property eviation ariation
MP2) 1 (o) &)
Compressive Strength of Parallel to Grain 28.3 2.8 14.9
Bending Strength 50.8 3.2 16.9
Elastic Modulus Parallel to Grain 7600 3.1 18.1
Elastic Modulus Perpendicular to Grain 262 2.1 125
Radial Surface 4.9 3.4 14.7
Shear Strength Parallel to Grain
Chord Surface 5.4 2.7 15.6

There were two test programs employed in this study. The first was for studying
the effect of the CLT laminate thickness on the mechanical performance with the condition
of an unchanged total thickness (95 mm) (Test 1). The lay-up method parameters are shown
in Table 2. The other test studied the effect of the CLT odd to even layer thickness ratios
on the mechanical performance when the total thickness (95 mm) was not changed, with
the five-layer CLT acting as an example (Test 2). The proportional relationship is shown
in Table 3.

Table 2. Lay-up Type of the CLT Specimens

Thickness of the Laminates
Structure
(mm)
Three Layers 31.7
Five Layers 19
Seven Layers 13.6

Table 3. Thickness Variation of the Odd and Even Layers of the CLT Specimens

Odd Layer Thickness Even Layer Thickness Odd to Even Layer
(mm) (mm) Thickness Ratio
19 19 1
21 14 1.5
23 12 1.9

The production of CLT uses a lay-up method of stacking adjacent laminates with
90° cross-laminates. The odd layers were the primary direction layers (parallel to the grain),
and the even layers were the secondary direction layers (perpendicular to the grain). The
main mechanical load-bearing direction was the direction parallel to the grain.
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Production of the specimens

The production of CLT specimens mainly consists of three steps: planking, sizing,
and cold pressing. After the materials were prepared, polyethylene film was first spread on
the ground, and then the first laminate layer was placed on top of the film (after laying, all
laminates need to be cleaned before lay-up and cannot be attached to wood chips to
improve the glue quality), which was followed by sizing (Fig. 1a). Sizing was done as
uniformly as possible, and the adhesive quantity was 120 g/m? to 160 g/m?. The second
laminate layer was laid immediately after sizing (Fig. 1b), and the second layer was glued.
Then, the next layers were laid down until the desired number of test layers was reached.
After the specimen was completely coated, it was fixed with a wooden block and the entire
CLT specimen was wrapped tightly with a film (Fig. 1c). Cold pressing occurred after the
specimen was produced (Fig. 1d). The pressure was set to approximately 1.5 MPa, and the
holding time was approximately 2.5 h. This process is shown in Fig. 1.

Fig. 1. Production of the CLT specimens: (a) sizing, (b) placement of the second layer, (c) film-
wrapped specimen, and (d) cold pressing

Methodology

The device used was a UTM5105 microcomputer control material universal testing
machine (Jinan Kesheng Test Equipment Co., Ltd., Jinan, China). The static tests were
performed according to ASTM D198-05 (2005) and JIS 3079 (2013), which determined
the bending stiffness, bending strength, and shear strength. Three valid specimens were
tested for each configuration, and the average of the results was reported.

The test method for the binding performance was four-point bending, with a
specimen length of 2000 mm. During testing, loading occurred at a uniform speed of 15
mm/min and the vertical deflection of the midpoint of the CLT specimens under a vertical
load was measured with a displacement meter (YWC-100, Liyang Chaoyuan Instrument
Factory, Liyang, China). A three-point test was conducted for the shear performance test
with a specimen length of 240 mm, and the specimens were loaded at 5 mm/min.

To determine if the CLT model analysis theory has a realistic feasibility, the authors
chose the model theories (y-theory and x-theory) (Gagnon and Pirvu 2012) of the bending
performance (bending stiffness and strength) for calculation and analysis.

In the y-theory, the bending performance was determined by calculating the
equivalent bending stiffness of a specimen. The value of the equivalent bending stiffness
was mainly related to the sectional performance of a beam and effective y coefficient. The
y coefficient was related to the slip performance of the connector. When the wooden
components were connected with adhesive, the y value was generally between 0.85 and
0.99. The theoretical calculation used the five-layer CLT as an example, and the calculation
of the five-layer CLT is shown in Fig. 2 and used Egs. 1, 2, and 3.
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where El, is effective bending stiffness (Nmm?); | is the span of simply supported beam
(mm); Gg is rolling shear modulus (GPa), G, is approximately %, Gyeumdus @Nd

Gepearmodulus 1S 72 720 OF the elastic modulus; b is width of CLT specimen (mm); A; is the

sectional area of the laminate (mm?), yi is the equivalent slip coefficient (y2 = 1), li is the
moment of inertia (mm#), and hy and h; are the thicknesses of the primary and secondary
direction laminates (mm), respectively. Here E; is the elastic modulus of the laminate (GPa)
(E1 = E2 = E3), and a; is the distance from the center of the laminate to the center of the
specimen (mm).

Fig. 2. Sectional analysis of the five-layer CLT structure

For the calculation of the equivalent bending stiffness of the seven-layer CLT, it
was decomposed into five-layer and three-layer parts, as is shown in Fig. 3, and so,

(ED7 = (EDs — (EN3” + (ED3 4)

where (El)3’ is the imaginary middle layer bending stiffness of the five-layer CLT and (El)s
is the bending stiffness of a hypothetical five-layer CLT.

Using the x-theory to calculate the equivalent elastic modulus, the composite
coefficient x was calculated based on the loading direction of the vertical load. The «
coefficient was obtained using Eq. 5. The study used the x coefficient to determine the
bending strength, as is shown in Eq. 6,
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where anm is the thickness of the specimen (mm), m is the number of layers of the laminate;
“ ”isto add and subtract in sequence. Eq is the modulus parallel to the grain (7600 MPa),
and Egp is the elastic modulus perpendicular to the grain (316 MPa); o is bending strength
(MPa); and o, is bending strength parallel to the grain (MPa).

Fig. 3. Sectional analysis of the seven-layer CLT structure

RESULTS AND DISCUSSION

Effect of Different CLT Laminate Thicknesses on the Mechanical
Performance: Test 1

The load-deflection curves at the midpoint of the effective CLT specimens
(average) for different laminate thicknesses are shown in Fig. 4. Under loading, the overall
change along the load-deflection curve of each CLT specimen was similar; the early load-
deflection curve was basically a straight line. At the beginning of loading of the elastic
phase, the curve was gentle. The main reason behind this phenomenon was the inevitable
non-elastic deformation of the specimen at the stress bending stage. As loading continued,
the midpoint deflection of the specimen changed rapidly, and then the deflection increased
slowly. The load-deflection curve of the three-layer CLT specimen was more stable. The
load-deflection curves of the five-layer and seven-layer specimens showed that as the
number of layers increased, the stiffness of the CLT specimen gradually decreased, the
ductility increased, and the failure modes were more complicated.

The detailed test results for the effect of different CLT laminate thicknesses on the
mechanical performance are shown in Table 4. For the bending stiffness, the three-layer
CLT specimen was the largest. When the bending stiffness of the three-layer CLT
specimens was compared with that of the five-layer and seven-layer CLT specimens, there
was a decrease of 11% and 18%, respectively. The structural performance of the three-
layer specimen was relatively stable.
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Fig. 4. Load-deflection response curves for the specimens

45.00
40.50
36.00
31.50
27.00
22.50
18.00
13.50

9.00

4.50

Three layers

bioresources.com

Five layers

Seven layers

0.00

0

10 20

30

40

50 60

70 80

Deflection (mm)

90 100

The bending strength of the five-layer CLT specimen was 18% higher compared
with that of the three-layer CLT specimen and 36% higher compared with that of the seven-
layer CLT specimen. The bending strength of the three-layer CLT specimen was higher
than that of the seven-layer CLT specimen by approximately 16%. The shear strength of
the five-layer and seven-layer CLT specimens were 2.6% and 16% higher compared with
that of the three-layer CLT specimen, respectively. The test results showed that under the
premise of the same overall thickness, the bending stiffness of the specimen improved as
the laminate thickness increased. The bending strength was the largest in the five-layer
structure, followed by the three-layer and seven-layer structures. Additionally, the shear

strength decreased as the laminate thickness increased.

Table 4. Results of the Effect of Different CLT Laminate Thicknesses on the
Mechanical Performance

Bending

Laminate Stiffness Avg Bending Av Shear Av
Number | Thickness x 1011 x 10! | Strength (MP%) Strength (MPga)
2
(mm) (Nmm?) (Nmm?) (MPa) (MPa)
A-3-1 1.10 114 33 00,7 5.10
A-3-2 31.7 1.14 (1.20) 29 (48.96) 5.24 5.48
A-3-3 1.19 27 6.11
A-5-1 1.17 35 5.51
1.08 35
A-5-2 19 1.05 (1.05) 33 (40.03) 5.24 5.62
A-5-3 1.02 37 6.11
A-7-1 0.94 100 29 05 7 6.71
A-7-2 13.6 0.96 (1.04) 26 (36.73) 6.34 6.39
A-7-3 1.10 22 6.11
Note: Theoretical values are given in parentheses; and Avg represents average
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The results from the tests were compared with the values calculated from the
theoretical models, which are shown in Table 4. Comparison diagrams are shown in Fig.
5. In general, the theoretically calculated values were higher than the results of the
mechanical tests. The reason behind this phenomenon was that the deformation of the
specimen was affected by many factors in the test (such as the defect distribution on the
laminate, randomness of the mechanical strength on the laminate, glue line failure and
external environment), which could not be considered in the theoretical calculations.
However, the overall trend of the effect of the laminate thickness on the bending stiffness
was consistent between the test results and theoretical calculations.
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Fig. 5. Comparison of the results for the bending stiffness (a) and strength (b) of Test 1 and the
theoretical calculation

Under the premise of an unchanged overall thickness, the bending stiffness
gradually increased as the thickness of the laminate increased. However, the test and
theoretical results for the relationship between the bending strength and laminate thickness
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were different. The mechanical test results showed that the bending strength of the five-
layer CLT specimen was the highest, followed by the three-layer and seven-layer
structures. The theoretical analysis and calculations showed that as the thickness of the
laminate increased, the bending strength increased. The three-layer CLT specimen had the
highest bending strength, followed by the five-layer and seven-layer structures. This
showed that the application of CLT should be based on practical results and should not be
applied using only theoretical analysis and calculation.

The deformation of the specimen was generally larger during bending. There were
three main failure modes, namely breakage of the bottom plate (Fig. 6a), failure of the
adhesive layer in the tensile zone (Fig. 6b), and failure of the rolling shear (Fig. 6c).
However, a specimen was more likely to be destroyed where a defect was concentrated
(decay, wood section, etc.) (Fig. 6d). There was also the phenomenon of adhesive layer
peeling and slippage between the laminate in the tensile zone of the specimen.

Fig. 6. Main failure modes of the CLT specimens in the bending test: (a) bottom plate, (b)
adhesive layer in the tensile zone, (c) rolling shear, and (d) defect section

The overall performance of the three-layer specimen was stable during the bending
failure process. The main failure mode was breakage of the bottom plate (Fig. 6a), with a
small amount of rolling shear failure of the inner plates (Fig. 6¢), and no cracking of the
adhesive layer and slipping of the end laminar plate occurred. The rolling shear began to
increase during bending of the five-layer CLT specimens. Because of the thinness of the
laminate, the shear strength of the laminate was lower. The final failure modes included
breakage of the bottom plate, slipping of the end laminar plate, and cracking of a few
adhesive layers. The degree of breakage of the bottom plate was less severe. Additionally,
the rolling shear and cracking of the adhesive layer occurred more during bending of the
seven-layer CLT specimens because the thickness of the laminate was too thin and the
adhesive layer stability and shear resistance of the laminate decreased remarkably.
Furthermore, there were as many as six adhesive layers in the seven-layer CLT structures,
which were prone to failure by adhesive layer peeling (Fig. 6b). The main failure modes of
the seven-layer CLT specimens included breakage of the bottom plate, slipping of the end
laminar plate, rolling shear, and adhesive layer peeling, among which the main modes were
adhesive layer peeling and rolling shear damage.

As the failure modes of the specimens showed, breakage of the bottom plate in the
tensile zone of the three-layer CLT specimens was more obvious than in the five-layer and
seven-layer structures. However, adhesive layer peeling and tensile failure of the bottom
plate were more serious for the five-layer and seven-layer CLT specimens during bending.
For instance, in the five-layer CLT specimen, the tensile area consisted of two layers,
namely the primary and secondary direction layers. In the tension process, the laminar
plates in the primary and secondary directions were mutually restrained, which resulted in
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rolling shear failure of the secondary direction laminates and fracture of the primary
direction laminates. Under the same circumstances, the three-layer CLT specimen had only
one main direction layer in the tension zone, which was relatively easy to break. In contrast,
the seven-layer laminates were thinner, and the bottom laminate plate was easier to break
than that of the five-layer laminate. This was the reason why the bending strength of the
five-layer CLT specimen was the highest. Finally, it was concluded that under the premise
of an unchanged overall thickness and as the number of layers increased, the laminate
became thinner and was more likely to break and deform, which to a large extent was also
the reason why the seven-layer CLT specimen had the lowest bending stiffness and strength
values, while the performances of the three-layer and five-layer CLT specimens were
excellent.

The failure modes of the specimens were similar during the shear strength test, and
each of the damaged specimens underwent a large number of phenomena, such as rolling
shear, splitting of the laminates, and slipping of the end laminar plate. Therefore, these
failure modes meant that performance differences could not be assumed from appearance
alone. Furthermore, this paper did not describe the failure mode of the shear strength based
on the effect of the CLT odd to even layer thickness ratio on the mechanical performance
(Test 2).

Effect of the CLT Odd to Even Layer Thickness Ratio on the Mechanical
Performance: Test 2

The results of Test 2 are shown in Table 5. It was observed that the mechanical
performances of the CLT specimens improved (the bending stiffness, bending strength,
and shear strength increased by appreciable percentages) as the odd layer laminate
thickness increased and the even layer laminate thickness decreased. For the CLT
specimens that were simply supported from both sides, the direction of the main force on
the specimen when subjected to the vertical load was parallel to the grain (odd layer
laminates).

Table 5. Effect of the CLT Odd to Even Layer Thickness Ratio on the Mechanical
Performance

Bending .
- Avg Bending Shear
Number Ratio St|ffne§s x 1011 Strength Avg Strength Avg
x 10 (N-mm?) (MPa) (MPa) (MPa) (MPa)
(N-mm?)
B-1-1 (1) 1.16 (1.30) 35 (40.7) 5.31
B-1-2 1 1.22 1.19 33 32 5.28 5.30
B-1-3 1.2) 1.19 (1.35) 29 (42) 5.32
B-2-1 (1.4) 1.25 (1.39) 35 (43.4) 5.53
B-2-2 15 1.22 1.23 34 35 5.75 5.62
B-2-3 1.7) 1.23 (1.43) 37 (44.6) 5.57
B-3-1 (2.1) 1.27 (1.47) 33 (45.7) 5.91
B-3-2 |19 1.22 1.24 38 36 5.78 5.94
B-3-3 (2.7) 1.24 (1.50) 37 (46.7) 6.12
Note: Theoretical values given are in parentheses; Avg is average
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The even layer laminates had a relatively small role in the bearing capacity.
Additionally, the bending stiffness, bending strength, and shear strength of the wood
parallel to the grain were greater than those for the wood perpendicular to the grain. This
provided a theoretical basis for the test results that as the odd to even layer thickness ratio
increased, the bending stiffness, bending strength, and shear strength also increased
continuously.

For the results obtained by specimen testing, the odd to even layer thickness ratios
were 1, 1.5, and 1.9. From the results of the theoretical analysis and calculation, the odd to
even layer thickness ratios were 1, 1.2, 1.4, 1.7, 2.1, and 2.7 (multiple values were similar
to the test ratios). The comparison results are shown in Table 5, and the relationship
between the two is shown in Fig. 7.
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Fig. 7. Comparison of the results for the bending stiffness (a) and strength (b) of Test 2 and the
theoretical calculation
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From Table 5 and Fig. 7, it was observed that the results of the overall theoretical
calculation were higher than the results of the mechanical testing, and the parameters of
the relationship between the bending stiffness, bending strength, and laminate thickness
had the same regularity of variation. The correlation coefficient (R) was close to 1, which
indicated that there was a linear correlation and the correlation between the two was very
high. With an unchanged total thickness and within a certain percentage range, the bending
stiffness and strength of the specimens increased as the odd layer thickness increased and
the even layer thickness decreased.

For the failure modes of the different odd to even layer thickness ratios, an
abnormal sound began 90 s into the bending test. No change in the appearance occurred
during this time, but the specimen became slightly curved. After the bending process
proceeded for 2 min, the abnormal sound frequency increased, which was mainly the sound
of the adhesive layer cracking and breakage of the wood fiber. At the same time, slight
slippage of the end laminar began to occur. After approximately 3 min, the destruction of
the specimen began, and included failure of the rolling shear and breakage of the bottom
plate. After an increase in the load, second and third damages appeared. Additionally,
damage appeared earlier in defect areas of the specimen, such as decay and wood nodes.
The failure modes of the specimens with an odd to even layer thickness ratio of 1 were
mainly rolling shear in the two secondary direction layers, accompanied by breakage of the
bottom plate and adhesive layer peeling (Fig. 8a). The failure modes of the specimens with
an odd to even layer thickness ratio of 1.5 were mainly the destruction of the bottom two
layers in the tension zone, which involved breakage of the bottom plate, rolling shear in
the secondary direction layer, and adhesive layer peeling (Fig. 8b). The ultimate failure
modes of the specimens with an odd to even layer thickness ratio of 1.9 were slight rolling
shear and cracking of the adhesive layer in the secondary direction layer (Fig. 8c). Through
the analysis of the failure modes, it was observed that as the odd to even layer thickness
ratio increased within a certain range, the bending performance increased and the range of
damage modes and destruction strength decreased.

Fig. 8. Failure modes of the different odd to even layer thickness ratios of (a) 1, (b) 1.5, and
(c) 1.9

Wang et al. (2018). “CLT layer thickness options,” BioResources 13(3), 7002-7016. 7013



PEER-REVIEWED ARTICLE b | oresources.com

CONCLUSIONS

1. Rolling shear, breakage of the laminates, adhesive layer peeling, and slipping of the
laminar were the main failure modes of the CLT structures under vertical loading. The
failure modes of the specimens were related to the laminate thickness.

2. When the specimen was damaged in the bending tests, the three-layer CLT specimen
was prone to cracking of the bottom plate, and the five-layer and seven-layer structures
were prone to adhesive layer cracking and slipping of the end plate.

3. Under the premise of an unchanged overall thickness and as the CLT laminate thickness
increased, the bending stiffness increased, the shear performance worsened, and the
destruction mode of the CLT structure became simpler. The bending strength of the
five-layer CLT specimen was the highest.

4. Within a certain percentage range, the odd to even layer thickness ratio should be
increased as much as possible. Thus, increasing the thickness of the odd layers while
reducing the thickness of the even layers could effectively improve the bending and
shear of CLT specimens without increasing the amount of wood used.
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