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A B S T R A C T   

In this study, radiata pine veneers and phenol-formaldehyde resin were used to prepare specimens of 5-ply 
plywood with different layup directions and heat treatments of veneers. The physical and flexural properties 
of the plywood specimens were assessed, and digital image correlation (DIC) analysis was employed to determine 
the strain distribution of the plywood under bending loads. The results of the static mechanical strength and DIC 
tests showed that the plywood with a small-angle veneer layup ([0]5 and [0,22.5,0,22.5,0]) exhibited a better 
longitudinal modulus of rupture (MOR//), while [0,45,0,45,0] plywood showed the least bending strength and 
most strain. Moreover, the results revealed that for plywood composed of veneers that were fully heat treated at 
200 ◦C (5T200), the moisture content was efficiently decreased, and the modulus of elasticity parallel to grain 
(MOE//) was the highest. The DIC images indicated that the largest strain along the x-direction (εxx) was 
concentrated on the tensile side of untreated plywood (5N) and on the opposite side of plywood composed of 
heat-treated veneers, except for the plywood composed of veneers treated at 220 ◦C (5T220). Of these, 5T200 
plywood showed the least strain. In addition, the plywood with 200 ◦C heat-treated veneers instead of face and 
core layers (NTNTN200) or crossband layers of untreated veneers (TNTNT200) had larger strain values than 5N 
and 5T200 plywood specimens, with NTNTN200 plywood having the greatest strain. According to the above re
sults, appropriate layering and heat treatment of veneers can effectively improve the dimensional stability and 
flexural properties of plywood.   

1. Introduction 

In recent years, the importance of environmental protection and 
conservation of natural resources has gradually been recognized 
worldwide. The effective and reasonable use of timber resources has 
been widely discussed, as the supply of large logs has been decreasing 
year by year, and the cost of timber has been increasing. To reduce the 
use of logs and increase the utilization rate of fast-growing tree species, 
scholars and experts have developed wood-based composites such as 
plywood, fiberboard, particleboard, and oriented strand board (OSB), 
which have been widely used in daily life and the construction industry. 

Plywood is mainly made from odd numbers of layers of veneers in a 
sequence of face veneer, crossband veneer, core veneer(s), crossband 
veneer, and back veneer; the veneers are peeled or sliced from logs [1]. 
Therefore, plywood not only eliminates the natural defects and anisot
ropy of wood but also has the advantages of easy processing, low cost, 
and availability of large panels, making it a commonly used substitute 
for solid wood [2]. Furthermore, according to the study by Bier [3], the 
bending properties parallel to grain of plywood are better when layers of 
crossband veneer and face/back veneer are parallel, i.e., oriented in the 
same direction (0◦), than perpendicular (90◦). However, when 
wood-based panels are exposed to a humid environment, cracking is 
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more severe in panels made by parallel layup than perpendicular layup 
[4]. Therefore, plywood with parallel or perpendicular laminated ve
neers has its own advantages, and both forms are widely used in wooden 
construction [5]. 

In general, the veneers commonly used in plywood are obtained from 
small-to medium-diameter trees or fast-growing tree species. As they 
contain a high proportion of juvenile wood, they are particularly sus
ceptible to degradation caused by biological, moisture, weather, stress, 
and human factors. Therefore, they need to be treated with special 
methods to improve the properties of plywood, expand their outdoor 
application range, and extend their service life [6–9]. Chemical modi
fication is one of the most common and traditional methods. However, 
such methods are cumbersome, and they require chemical agents that 
can be harmful to humans and the environment. Thus, it is likely that 
their application will be restricted. Therefore, low-cost and environ
mentally friendly physical heat treatment technology has gradually 
received more attention [1,10–12]. Early research indicated that heat 
treatment not only effectively reduced the number of hydrophilic 
functional groups in wood but also enhanced its dimensional stability 
and decay resistance [13–17]. Moreover, extensive research has been 
conducted on the impact of heat treatment on the physical, mechanical, 
decay resistance, and bonding properties of plywood [1,9,18,19]. Our 
previous study demonstrated that the heat treatment of radiata pine 
(Pinus radiata) veneers at various temperatures improved hydropho
bicity and resistance to swelling; the most significant improvement was 
observed veneers heat treated at 200 ◦C [20]. However, the internal 
structure of composite materials is complex, making it susceptible to 
defects, such as delamination between veneers and adhesive layers and 
cracking of veneers or adhesive layers during bending tests. These de
fects can lead to stress concentrations. Therefore, the evaluation of 
strain distributions and strain parameters in wood-based composites is 
important for structural applications [21–23]). 

To accurately evaluate the strain of materials, many researchers have 
developed various methods of surface deformation and strain mea
surement, such as electrical resistance strain gauges, photoelasticity 
methods, geometric moiré techniques, and optical strain measurement 
methods [21]. Among them, optical strain measurement methods are 
most commonly used for engineering problems [24]. Currently, the most 
advanced optical strain measurement technique is digital image corre
lation (DIC). This technique does not require surface treatment of the 
specimen, has a simple experimental setup, and does not rely on com
plex optical systems. DIC offers noncontact, full-surface, high-precision 
strain measurement and is applicable to all types of material surfaces 
[24,25–28]. Therefore, in recent years, DIC has been commonly used to 
investigate the deformation, crack propagation, and strain fields on the 
surfaces of wood and wood-based composites [27,29]. Khoo et al. [21] 
highlighted the superior information on surface strain obtained through 
two-dimensional (2D) DIC techniques compared to one-dimensional 
techniques. However, current research on the impact of veneer layup 
direction on the properties of plywood is still very limited. In view of 
this, the main objective of this study is to systematically investigate the 
effects of layup sequence and direction of untreated and heat-treated 
veneers on physical and mechanical properties of plywood and to 
apply the DIC technique of VIC-2D to analyze changes in the strain 
distribution of plywood under bending load. 

2. Materials and methods 

2.1. Materials 

Defect-free rotary-cut radiata pine (Pinus radiata) veneers with a 
thickness of 2.2 mm (density: 406 ± 30 kg/m3; moisture content: 9.7 ±
0.3 %) were kindly supplied by Prime Fortune Co., Ltd. (Kaohsiung, 
Taiwan). Phenol-formaldehyde resin (PF125; solid content: 46 %, vis
cosity: 757 cps, curing temperature: 150 ◦C) was purchased from Chang 
Chun Plastics Co., Ltd. (Hsinchu, Taiwan). 

2.2. Heat treatment of veneers 

The veneers were kept in a hot air circulating oven (JB-27, Prokao, 
Kaohsiung, Taiwan) under a continuous flux of nitrogen (20 mL/min) 
and then oven-dried at 105 ◦C for 24 h. Subsequently, the veneers were 
divided into five groups: one acted as a control, and the other four were 
heat treated at the desired temperature (160, 180, 200, and 220 ◦C) for 
2 h. Finally, the veneers were cooled to room temperature for more than 
40 min. 

2.3. Preparation of plywood 

To investigate the effect of veneer layup directions on the properties 
of plywood, this study used veneers with different grain angles (0, 22.5, 
45, 67.5, and 90◦) as crossband veneers and layered them to prepare 5- 
ply plywood. Fig. 1 illustrates the layup diagram for [0,45,0,45,0] 
plywood as an example. In addition, plywood with partially (TNTNTxxx 
and NTNTNxxx) and fully heat-treated (5Txxx) veneers were prepared 
where N represents untreated veneers, T represents heat-treated ve
neers, and subscript xxx denotes the temperature (160–220 ◦C) at which 
the veneer was heat-treated. Five-ply plywood panels with a glue spread 
level of 140 g/m2 were produced by combining untreated and heat- 
treated veneers. The panels were subjected to cold pressing at 1.5 MPa 
for 1 min and subsequently hot-pressed at 160 ◦C and 1.5 MPa for 7.5 
min using a flat-platen press without press stops. The default dimensions 
of the plywood specimens were 300 mm × 300 mm with a thickness of 
approximately 10 mm. 

2.4. Determination of plywood properties 

To compare the plywood specimens, their physical properties (den
sity and moisture content) and flexural properties were measured under 
stress parallel to the grain of the face veneer according to CNS 1349 [30] 
and ASTM D3043 [31], respectively. In brief, the modulus of rupture 
(MOR//) and modulus of elasticity (MOE//) of the specimens with 

Fig. 1. Schematic diagram of [0,45,0,45,0] plywood layup.  
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dimensions of 290 mm × 50 mm × ~10 mm were evaluated by the 
three-point flexural test with a loading speed of 10 mm/min and a span 
of 240 mm. Before the test, all samples were conditioned at 20 ◦C/65 % 
relative humidity for 2 weeks. 

2.5. Digital image correlation analysis for the flexural test 

The noncontact technique of digital image correlation (DIC) was 
employed to measure the surface deformation of a sample. This involved 
correlating sub-images of a sequence of images captured both before 
loading and during loading [22,27]. Prior to the experiment, white 
sprayed paint was used to paint the side face of flexural test specimens, 
and then black paint was sprayed randomly to create an adequate 
speckle pattern. In this study, the flexural test was performed by a 
universal testing machine (Shimadzu AG-10kNX, Tokyo, Japan) equip
ped with FlyCapture2 (Point Grey, Vancouver, Canada), VIC-2D DIC 
analysis software (Correlated Solution Inc., Irmo, USA), and a digital 
camera measurement system [22,28]. 

A camera (GS3-US-51S5M − C, Point Grey, Vancouver, Canada) with 
2448-pixel × 2048-pixel resolution was placed in front of the sample to 
record the side face image of plywood in TIFF format. FlyCapture2 
software (Point Grey, Vancouver, Canada) was used to acquire and 
prepare images. The unit pixel displacements and strain distributions of 
the samples were calculated using VIC-2D DIC analysis software. The 
selected region for DIC analysis was centered around the load cell as the 
reference point, with a resolution of 1800-pixel × 460-pixel for the 
experiment. 

2.6. Analysis of variance 

The results are presented as the mean ± standard deviation (SD). The 
significance of differences was determined using the Scheffé test, with p 
values of less than 0.05 indicating statistical significance. 

3. Results and discussion 

3.1. The effect of veneer layup direction and heat treatment on the 
physical and flexural properties of plywood 

The physical and mechanical properties of the plywood are shown in 
Table 1. Accordingly, the densities of the [0]5, [0,22.5,0,22.5,0], 
[0,45,0,45,0], [0,67.5,0,67.5,0], and [0,90,0,90,0] plywood specimens 
were 600, 576, 556, 544, and 554 kg/m3, respectively. Except for the 
[0]5 plywood, there was no statistically significant difference in density 
among the plywoods. The main reason was that the [0]5 plywood 
(8.5–9.6 mm) was thinner than the other groups (9.5–10.7 mm), which 
increased its density. In contrast, the moisture content of all plywood 
groups was in the 11.0–11.3 % range, and there was no statistically 
significant difference among them; all specimens met the standard of 
CNS 1349 [30] for general plywood. In addition, the bending test results 
of the plywood in Table 1 show that the values of the MOR// were the 
largest for the small-angle layup plywood ([0]5 and [0,22.5,0,22.5,0]) 
with values of 76 and 73 MPa, respectively. Similarly, the MOE// 
showed a similar trend, with both values at 8.9 GPa. In contrast, the 
MOR// and MOE// of the [0,45,0,45,0] plywood were the smallest, with 
values of 48 MPa and 6.4 GPa, respectively. This result was similar to the 
results reported by Bier [3], where the MOE// of plywood decreased as 
the veneer layup angle increased from 0◦ to 45◦ for a 5-ply plywood, and 
the MOE// slightly increased when the veneer layup angle increased 
from 45◦ to 90◦. According to the above results, the bending strength 
parallel to the span direction of the surface veneer was best achieved 
with a plywood with small-angle veneer layup. 

However, to understand the effects of veneers with different heat 
treatment temperatures and layup sequences on the physical and 
bending properties of plywood, this study used veneers treated at 
different temperatures to prepare composite panels and tested their 
density, moisture content, and flexural properties. As shown in Table 1, 
the average density of untreated plywood was 554 kg/m3, while the 
densities of plywoods composed of veneers heat-treated at 160–220 ◦C 
were in the range of 520–555 kg/m3. However, a statistical analysis did 
not show statistically significant differences between the densities of 
heat-treated and untreated plywoods. This result was consistent with 
those of Ferreira et al. [1], who found that heat-treated veneers had no 
significant effect on the density of plywood. However, the density of 
NTNTN200 was 593 kg/m3, which was greater than that of 5T160, 5T180, 
and TNTNT200. In addition, the moisture content of each plywood in 
Table 1 showed that the moisture content of the untreated plywood was 
11.1 %. When preparing plywood from veneers, heat treating the ve
neers at 200 and 220 ◦C could reduce the moisture content of the 
plywood by 9.8 % and 9.2 %, respectively. The moisture contents of the 
NTNTN200 and TNTNT200 plywoods prepared from untreated and 200 ◦C 
heat-treated veneers were 7.3 % and 7.2 % less than that of untreated 
plywood, respectively. This result was similar to the results of Ferreira 
et al. [1] and Lovrić et al. [19], who found that preparing plywood from 
veneers heat-treated at higher temperatures could effectively reduce 
their moisture content. The main reason was that the veneers underwent 
thermal degradation during heat treatment, which reduced their hemi
cellulose and hydroxyl content and thus decreased their moisture ab
sorption. Moreover, after heat treatment, the crystallinity of cellulose in 
veneers increases, and lignin undergoes cross-linking reactions, further 
reducing the possibility of water molecules entering the veneers [10, 
32–35]. 

Additionally, as shown in Table 1, the MOR// of the untreated 
plywood was 54 MPa, while the MOR// values of the plywood made 
from veneers heat-treated at 160, 180, 200, and 220 ◦C were 54, 50, 50, 
and 40 MPa, respectively. Except for the group treated at 220 ◦C, there 
was no statistically significant difference between the heat-treated 
groups (5T160–200) and the untreated group. However, when the 
plywood was composed of partially heat-treated veneers, the MOR// of 
NTNTN200 (72 MPa) was greater than that of TNTNT200 (53 MPa). 

Table 1 
Effects of veneer layup angle and heat treatment on the physical and flexural 
properties of 5-ply plywood.  

Specimena Density (kg/ 
m3) 

MC (%) MOR// 
(MPa) 

MOE// 
(GPa) 

[0]5 600 ± 17A 11.0 ±
0.1A 

76 ± 2A 8.9 ± 0.5A 

[0,22.5,0,22.5,0] 576 ± 14AB 11.0 ±
0.7A 

73 ± 5A 8.9 ± 0.9A 

[0,45,0,45,0] 556 ± 21B 11.0 ±
0.3A 

48 ± 3C 6.4 ± 0.8B 

[0,67.5,0,67.5,0] 544 ± 14B 11.3 ±
0.2A 

63 ± 1B 6.8 ± 0.1B 

[0,90,0,90,0] 554 ± 19B 11.2 ±
0.3A 

54 ± 4C 7.1 ± 0.3B 

5N 554 ± 19ab 11.1 ±
0.3b 

54 ± 4b 7.1 ± 0.3abc 

5T160 540 ± 31ab 11.1 ±
0.3ab 

54 ± 8b 5.1 ± 1.3c 

5T180 520 ± 9b 11.5 ±
0.4a 

50 ± 6bc 6.2 ± 0.4bc 

5T200 555 ± 25ab 9.8 ± 0.3c 50 ± 6bc 9.2 ± 0.9a 

5T220 543 ± 22ab 9.2 ± 0.1d 40 ± 4c 7.2 ± 1.4abc 

NTNTN200 593 ± 29a 7.3 ± 0.2e 72 ± 4a 6.9 ± 0.3bc 

TNTNT200 539 ± 11ab 7.2 ± 0.1e 53 ± 5bc 7.9 ± 0.7ab 

Values are mean ± SD (n = 5). Different letters within the column indicate 
statistically significant differences at p < 0.05. 

a The numbers within square brackets indicate the angle at which the veneers 
were laid in a 5-ply plywood. N: untreated veneer. T: heat-treated veneer. 
Subscript numbers (160, 180, 200, and 220) denote the temperature (◦C) at 
which the veneer was heat treated. 5N, 5T, NTNTN, and TNTNT plywood all 
adopt a consistent [0,90,0,90,0] configuration. 
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Furthermore, the MOE// of untreated plywood was 7.1 GPa, while the 
MOE// of the plywood made from veneers that were fully heat-treated at 
160–220 ◦C were in the 5.1–9.2 GPa range; the largest MOE// value was 
obtained for the 200 ◦C group. This trend was similar to the results of 
Kubojima et al. [36], where the Young’s modulus of heat-treated Sitka 
spruce (Picea sitchensis) increased with increasing heat treatment tem
perature from 120 to 200 ◦C and reached its maximum value at 200 ◦C. 
The MOE// values of NTNTN200 (6.9 GPa) and TNTNT200 (7.9 GPa) did 
not differ significantly from that of untreated plywood. 

3.2. Influence of veneer layup angle on the bending strain distribution of 
plywood 

To investigate the strain distributions of the specimens under 
different loads during the bending test, this study used DIC to monitor 
the variations. Through this approach, this study aimed to understand 
the influences of the veneer layup angle and heat treatment on strain in 
plywood. The strain of a test specimen was mainly divided into normal 
strain and shear strain, and the normal strain included components in 
the x-direction (εxx) and the y-direction (εyy). In the case of εxx, when the 
strain was a positive value, the strain contour appeared in red, indicating 
that the test specimen was undergoing tensile deformation. Conversely, 

Fig. 2. Strain contours of plywood composed of various veneer layup directions at the destruction state.  

Fig. 3. Stress‒strain curve (A), normal strains in the x- and y-directions (εxx, εyy) (B, C), and xy-plane shear strain (εxy) (D) of plywood with various layup directions 
of veneer at different load levels. 
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when the contour appeared in purple, it indicated that the strain was 
negative, showing a compressive phenomenon. The distribution of the 
εyy contour was opposite to that of εxx. After the bending test, when the 
tensile or compressive phenomena were observed in the x-direction, the 
opposite phenomena were observed in the y-direction. The main reason 
for this phenomenon was that the material did not have a long-axis stress 
during bending, and its strain was affected by horizontal normal stress 
and related to Poisson’s ratio of the material [37]. For the shear strain 
(εxy) in the xy-plane, the contour distributions on both sides of the 
neutral axis were symmetrical, and the strain increased with increasing 
load. 

Based on the strain contours of the plywood with different veneer 
layup directions at the point of failure, as presented in Fig. 2, when the 
load reached the critical value of the specimen, the compression side of 
small-angle layup plywood ([0]5 and [0,22.5,0,22.5,0]) exhibited a 
concentration of εxx, whereas for crossband veneer layup angles greater 
than 45◦, εxx concentrated on the tensile side. It was hypothesized that 
the main reason for this phenomenon was that the [0]5 and 
[0,22.5,0,22.5,0] plywood specimens were stiffer (Table 1), and thus the 
compressive strain was greater. Conversely, when the crossband veneer 
layup angle was greater than 45◦, the MOE// value of the plywood was 
smaller (Table 1), which was prone to elastic deformation, and thus the 
strain was concentrated on the tensile side. For εyy, the strain of small- 
angle layup plywood ([0]5 and [0,22.5,0,22.5,0]) was mostly concen
trated on the tensile side, while it was concentrated on the compression 
side of the [0,90,0,90,0] plywood, and its strain distribution was 
opposite to that of εxx. Regarding εxy, the [0,45,0,45,0] plywood 
exhibited the largest shear strain, and in its εyy contour, the strain was 
concentrated not only on the tensile side but also at the center of the 
samples. This may be influenced by the weaker bond strength between 
individual veneers. In general, the failure of samples is mainly attributed 
to structural changes caused by shear stress. Therefore, it can be inferred 
that the [0,45,0,45,0] plywood should have lower flexural properties, 
which was consistent with the results shown in Table 1. In addition, this 
test result conformed to the trend that when the shear strain of the test 
specimen was small, its flexural properties tended to be greater, as noted 
by Guan et al. [38] and Bardak [22]. 

To understand the changes in strain values of the test specimen under 
different loads, this study investigated the average normal strain (εxx 
and εyy) and plane shear strain (εxy) on the surface of the test specimen, 
and the results are shown in Fig. 3. In the stress‒strain curve of the 
plywood in Fig. 3A, at the same strain and point of failure, small-angle 
layup plywood ([0]5 and [0,22.5,0,22.5,0]) had more stress, indicating 
excellent flexural properties, which was consistent with the bending 
strength of the plywood shown in Table 1. Furthermore, as shown in 

Fig. 3B, the εxx values of small-angle layup plywood ([0]5 and 
[0,22.5,0,22.5,0]) were negative, indicating that their strain was mainly 
compressive strain, and thus the strain was concentrated on the 
compression side. However, when the crossband veneer layup angle was 
greater than 45◦, εxx was positive, indicating that the strain was mainly 
tensile strain, and the strain was concentrated on the tensile side, which 
was consistent with the result for the εxx contour in Fig. 2. In addition, 
Fig. 3C shows that the εyy of the [0,90,0,90,0] plywood had an unstable 
distribution, but the strain was still concentrated on the compression 
side. According to the diagram of εxy in Fig. 3D, the absolute values of εxy 
for [0,45,0,45,0] and [0,90,0,90,0] plywood were larger. Moreover, the 
εxy contours of both plywood types exhibited a phenomenon of strain 
concentration in the center of samples (Fig. 3), which was speculated to 
be a significant factor contributing to their weaker bending strength. 
Based on the above test results, plywood with smaller angle layering 
([0]5 and [0,22.5,0,22.5,0]) was stiffer and had superior mechanical 
properties, while [0,45,0,45,0] plywood had less bending strength and 
maximum strain. These results were consistent with the static bending 
strength results (Table 1), indicating the reliability of DIC in monitoring 
wood-based composite strain. 

3.3. Influence of veneers heat treated at different temperatures on the 
bending strain distribution of plywood 

Based on the εxx contours at the moment of failure for plywood made 
from untreated and various heat-treated veneers treated in Fig. 4, the 
strain concentration of untreated plywood (5N) mainly occurred on the 
tensile side when it reached the critical load. This result was similar to 
the findings of Bardak [22]. In contrast, except for 5T220, the strains of 
all other groups of heat-treated plywood were concentrated on the 
compression side, with the smallest strain being that of 5T200. It was 
inferred that the main reason for this phenomenon was that the plywood 
made from 200 ◦C heat-treated veneer was stiffest (Table 1), resulting in 
smaller strains on the compression side. However, from the strain con
tours of εyy at the moment of failure of each group of heat-treated 
plywood, the strains were mainly concentrated on the tension side, 
which was opposite to the trend of εxx. For εxy, the strains of 5N and 
5T160 were mainly concentrated on both sides of the neutral axis. This 
result was consistent with the finding by Bodig and Jayne [39] that the 
maximum shear stress occurred in the neutral axis during bending tests 
for wood and wood-based composites. In contrast, the shear strains of 
5T180 and 5T220 were concentrated on the glue line and tension side with 
larger strain values, which led to their weaker bending strength. How
ever, the shear strain of 5T200 was the smallest, and its distribution was 
similar to that of the untreated plywood, mainly concentrated on the left 

Fig. 4. Strain contours of plywood composed of fully heat-treated veneers with different temperatures at the destruction state.  
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side of the neutral axis. In addition, this test result was consistent with 
the findings of Guan et al. [38] and Bardak [22], which indicated that 
heat treatment may improve the bonding quality, resulting in greater 
flexural properties when the shear strain was smaller. The bonding 
quality may be attributed to the reduction of the O/C ratio and increase 
of C1/C2, which improve and activate the veneer surface [40]. Addi
tionally, Chotikhun et al. [41] noted that the appropriate heat treatment 
reduces the occurrence of lathe checks on the veneer’s surface and 
minimizes surface roughness. This, in turn, ensures continuous bond 
lines, leading to a stronger plywood. Furthermore, phenol-formaldehyde 
resin is cured through an acid- or base-catalyzed polycondensation. 
Therefore, the acetic acid generated from wood heat treatment may 
promote the curing of acid-catalyzed phenol-formaldehyde resin [41, 

42]. However, the shear bond strength of plywood decreases with an 
increase in treatment temperature, because the surface of heat-treated 
veneer is more hydrophobic and thus results in a greater decline in 
bonding performance between veneers [43]. Based on the above results, 
it was concluded that plywood composed of 200 ◦C heat-treated veneer 
exhibited greater stiffness and superior mechanical properties. There
fore, the subsequent investigation of the effect of veneer layup sequence 
on plywood strain focused only on the veneer that was heat-treated at 
200 ◦C. 

In the strain contours of εxx at different loads of the plywood in Fig. 5, 
the strains of all groups of plywood increased with increasing load. 
However, the strain of the untreated plywood was mainly concentrated 
on the tension side, while the strains of the plywood made from partially 

Fig. 5. εxx contours of plywood composed of fully and partially 200 ◦C heat-treated veneers at various load levels.  

Fig. 6. εyy contours of plywood composed of fully and partially 200 ◦C heat-treated veneers at various load levels.  
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and fully 200 ◦C heat-treated veneers were distributed on the 
compression side. Among them, the εxx strain of the 5T200 plywood was 
the smallest, and this result was similar to the MOE// test results shown 
in Table 1. Similarly, the εyy strain of all groups of plywood increases 
with increasing load, as shown in Fig. 6, but the strain distribution of εyy 

was opposite to that of εxx. The strain of the untreated plywood was 
mainly concentrated on the compression side, while the strains of the 
plywood made from partially and fully heat-treated veneers were 
distributed on the tensile side, which was consistent with the results of 
Lyu [37]. For the strain of εxy in each group of plywood, Fig. 7 shows 

Fig. 7. εxy contours of plywood composed of fully and partially 200 ◦C heat-treated veneers at various load levels.  

Fig. 8. Stress‒strain curve (A), normal strains in the x- and y-directions (εxx, εyy) (B, C), and xy-plane shear strain (εxy) (D) of plywood composed of fully and partially 
heat-treated veneers at different load levels. 
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that the strains of NTNTN200 and TNTNT200 were larger than those of the 
untreated plywood and 5T200, and the strain value of NTNTN200 (with 
lower MOE//) was the highest, while that of 5T200 was the lowest. 

The stress‒strain curves of each plywood are shown in Fig. 8A. The 
results revealed that the strain of 5T200 was the lowest under the same 
stress, indicating that the plywood had the best stiffness, while the 5T180 
specimen was less stiff. However, comparing the strain values of each 
group of plywood at the moment of failure showed that NTNTN200 had 
the largest strain value. Furthermore, as depicted in Fig. 8B, the 
compression side bore the bulk of the normal strain in the x-direction for 
all heat-treated plywood groups except for 5T220, where the tensile side 
bore the major strain, which was consistent with the results in Figs. 4 
and 5. For the normal strain in the y-direction, the strain was greater for 
TNTNT200 and NTNTN200 than 5N and 5T200 and concentrated on the 
compression side (Fig. 8C). Furthermore, the average strain of 
NTNTN200 was the largest in the xy-plane shear strain curve in Fig. 8D, 
which was consistent with the result of the εxy strain in Fig. 7. In sum
mary, the average εxx, εyy, and εxy values of the plywood made from fully 
200 ◦C heat-treated veneers were the smallest among all plywood 
specimens, which was consistent with the MOE// results in Table 1, 
indicating that the 5T200 plywood had the greatest MOE// and was not 
prone to elastic deformation. 

4. Conclusions 

This study mainly investigated the effects of different veneer layup 
directions and heat treatment temperatures (160, 180, 200, and 220 ◦C) 
on the physical and mechanical properties of radiata pine veneer-based 
plywood. DIC was used to analyze the global strain distribution 
changes and strain concentration areas during bending tests. The results 
showed that small-angle layup plywood ([0]5 and [0,22.5,0,22.5,0]) 
had better flexural properties than large-angle layup plywood. The DIC 
results also showed that the stiffness of plywood with a small-angle 
layup caused εxx to concentrate on the compression side, while 
[0,45,0,45,0] plywood had less bending strength and maximum strain. 
However, the densities of the untreated (5N) and heat-treated (5T) 
plywood specimens ranged from 520 to 555 kg/m3, and the density was 
higher for the NTNTN plywood prepared from veneer that was partially 
treated at 200 ◦C than the plywood composed of fully heat-treated 
veneer (5T200). In addition, when the veneer heat treatment tempera
ture was increased to above 200 ◦C, the moisture content of the plywood 
was effectively reduced. Regarding the flexural properties of the un
treated and heat-treated plywood, the MOE// of the untreated plywood 
was 7.1 GPa, while the MOE// of the heat-treated plywood ranged from 
5.1 to 9.2 GPa, with 5T200 having the greatest MOE// (9.2 GPa). Finally, 
the DIC test results showed that when a specimen reached the critical 
failure load, the strain was smallest for 5T200 and concentrated on the 
compression side, while the strain was largest for 5T180 plywood. 
Additionally, the εxx results for the NTNTN200 and TNTNT200 plywood 
specimens concentrated on the compression side, and the strain con
centrations were more pronounced than that of 5T200. Accordingly, it 
was concluded that plywood composed of veneers with a smaller-angle 
layup was stronger and had less strain. Moreover, the use of heat-treated 
veneers effectively improved the dimensional stability and strength 
properties plywood; the best effects were achieved by using veneers 
heat-treated at 200 ◦C. 
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[26] Mahal M, Blanksvärd T, Täljsten B, Sas G. Using digital image correlation to 
evaluate fatigue behavior of strengthened reinforced concrete beams. Eng Struct 
2015;105:277–88. 
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