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Abstract 

Although embedment properties are vital to timber engineering, the behavior and strain distributions in wood-based 
panels have not been clarified in detail. Our early studies suggested four possible causes of failure behavior and strain 
distribution: (i) two types of failure behavior (in-plane and out-of-plane failure); (ii) enlargement of the stress-
spreading range with increasing load step; (iii) reduction of the stress-spreading range (normalized by dowel diam-
eter) with increasing dowel diameter; and (iv) preferential stress spreading in the vertical and horizontal directions 
along the strong and weak-axis specifications, respectively. However, these hypotheses were not supported by actual 
observations. The present study aims to observe and clarify the surface strain distribution via digital image correlation 
and the internal failure behavior via computed tomography scanning. Most results of the wood-based panel speci-
mens (plywood and oriented strand board) did not contradict the above hypotheses. The failure behaviors of ply-
wood and oriented strand board are likely determined by the direction of the veneer fibers and the layer’s position, 
respectively. Within the strong axial layer of plywood, fibers on both sides of the dowel were densified by fibers disso-
ciated immediately above the dowel, whereas the weak axial layer in plywood was deformed like a timber under par-
tial compression perpendicular to the grain. In contrast, oriented strand board under an embedding stress exhibited 
a circularly distributed strain and a dispersed void area in its outer layer. Densification was observed only in the inner 
layer.

Keywords  Wood-based structural panel, Plywood (PW), Oriented strand board (OSB), Digital image correlation (DIC), 
Computed tomography scanning (CT scan), Embedment, Bearing, Multi-modal approach

Introduction
The mechanical properties of timber under the stress 
generated by hard cylindrical dowels (e.g., nails and 
bolts), herein defined as the “embedment properties”, 
strongly affect the performance of the connections in 
timber constructions. The embedment properties of 
timber have been extensively investigated. Various stud-
ies have gathered experimental data while varying the 
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comprehensive parameters (e.g., dowel diameter, pilot 
hole, edge distance, and end distance), arranged the fail-
ure modes, clarified the process of fracture and stress 
spreading, and suggested mechanical models based on 
experimental results. In contrast, the embedding prop-
erties of wood-based panels are seldom studied and the 
failure behavior and influence of various parameters on 
wood-based panels remain unclear.

Previously, we investigated the effects of different 
parameters on the embedment properties (failure behav-
ior, ductility, yield stress, and maximum stress) of wood-
based panels (plywood (PW), oriented strand board 
(OSB), particleboard, medium-density fiberboard, and 
hardboard) [1]. The observed trends suggested four pos-
sible causes of failure behavior and stress spreading (see 
Fig. 1): (i) when the edge distance is sufficient, both in-
plane failure and out-of-plane failure can occur; (ii) the 
stress-spreading range is larger under maximum stress 
than under the yield stress; (iii) the stress-spreading 
range (normalized by the dowel diameter) reduces with 
increasing dowel diameter; and (iv) the stress generated 
by the embedment pressure preferentially spreads verti-
cally and horizontally along the strong and weak-axis 
specifications, respectively. Here, the strong and weak-
axis specifications denote that the fibers in the surface 
layers are oriented parallel and perpendicular to the load 
direction, respectively.

The present study attempts to verify these hypotheses 
through detailed observations involving digital image 
correlation (DIC) and computed tomography (CT) 
scanning.

DIC measures the surface stress distribution by tracing 
the movements of random dot patterns. In recent years, 
DIC has revealed various deformation behaviors of tim-
ber, such as radial compression behavior [2], elastoplastic 
surface displacement of partially compressed wood [3], 
the strain distribution adjacent to the loading plate [4], 
and the strain in a traditional half-lapped joint [5]. DIC 
has also been employed in studies on dowel connections 
[6, 7] and the embedment properties of timber [8–11].

Meanwhile, CT scanning has observed the internal 
behavior of wood; in particular, its moisture content, ana-
tomical structure, and decay [12–14]. Some studies have 
applied CT scanning to timber engineering. Based on 
simultaneous loading tests and CT scanning, researchers 
have reconstructed the three-dimensional (3D) micro-
scale deformations of wood during uniaxial compres-
sion [15] and bending [16]. The bending deformation of 
bolts in connections has also been observed in CT scans 
[17]. From the CT-scanned density profile immediately 
around a screw, the authors of [18] precisely regressed 
the withdrawal strength of the screw against the density 
of cross-laminated timber.

Some studies adopted a multimodal approach combin-
ing DIC and CT scanning [19, 20]. For example, Leader 
et  al. [20] carried out an embedment test with 12-mm 
steel dowels and timber under three loading cycles: (i) 
the end point of the specimen adjustment during loading 
(~ 1.5 kN), (ii) the quasi-elastic limit, and (iii) the maxi-
mum dowel displacement. The samples were subjected to 
DIC and CT scanning during loading and after each load-
ing step, respectively.

Elucidating the stress distribution and failure process 
of wood-based panels under embedding stress is impor-
tant for formulating theoretical and mechanical models 
of embedding performance. However, the failure behav-
ior of wood-based panels under an embedding stress has 
not been previously reported.

The visualized results of multimodal approaches pro-
vide an intuitive understanding of failure behavior. 
Therefore, the present study adopts the method proposed 
by Leader et  al. [20]. In fact, CT scanning more effec-
tively observes the failure behavior of wood-based panels 
than timber. As CT scanning is limited to the measur-
able volume, it is more suitable for lower-volume wood-
based panels than for large-volume timber. To overcome 
the volume limitation, the authors of [20] isolated the 
core cylinder just around the dowel for observation via 
CT scanning, which shortened the practical end and edge 
distances and supposedly affected the result. In addition, 
wood-based panels are layered structures with differ-
ent properties in their outer and inner parts. Therefore, 
observing the behavior of the inner layer via CT scanning 
is more important in wood-based panels than in timber 
samples.

The present study investigates the failure behavior of 
wood-based panels via the multimodal approach to assist 
the construction of a theoretical model. In addition, we 
verified whether the results of the multimodal approach 
support our earlier hypotheses [1]. To simplify the dis-
cussion, we limit our analysis to PW and OSB panels. 
These panels were selected because they share the same 
in-plane orthotropy and long history of structural use.

Materials and methods
Specimens
Table  1 gives the fundamental properties of the speci-
mens (PW and OSB panels), including their densi-
ties, moisture contents, tensile strengths, internal bond 
strengths, in-plane shear strengths, and information 
regarding their standard classifications. The embed-
ment test was conducted along the strong and weak axes, 
meaning that the load was applied parallel and perpen-
dicular to the fibers on the surface layer, respectively. 
To denote specimens tested along their strong or weak 
axes, we append “-s” or “-w” to the specimen name. For 
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Fig. 1  The four hypotheses proposed in our earlier study [1]. Hypothesis (i) proposes that when the edge distance is sufficient, both in-plane 
failure and out-of-plane failure can occur. Hypothesis (ii) proposes that the stress-spreading range is larger under maximum stress than under the 
yield stress. Hypothesis (iii) proposes that the stress-spreading range (normalized by the dowel diameter) reduces with increasing dowel diameter. 
Hypothesis (iv) proposes that the stress generated by the embedment pressure preferentially spreads vertically and horizontally along the strong 
and weak-axis specifications, respectively
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example, PW-s indicates the strong axis, whereas PW-w 
indicates the weak-axis. All panels were 9 mm thick. The 
dowels were of two diameters (d = 5.2  mm or 12  mm) 
and identical in type to those of our earlier study [1]. The 
edge and end distances were 7d. A pilot hole equal to d 
was formed before the test. For each of the eight specifi-
cations targeted in this study, we prepared and tested two 
specimens.

Testing procedure
Figure 2 is a schematic of the testing procedure. The force 
was applied and removed during each of three loading 
steps. DIC was conducted during the loading process and 
CT scanning was conducted after unloading the force. 
The loading test apparatus was similar to that in the ear-
lier study (Fig. 3). A monotonic tensile force was applied 
at 0.5 mm/min (d = 5.2 mm) and 1 mm/min (d = 12 mm) 
in the first and second loading cycles. The test speed was 
doubled in the third cycle. The load and displacement 
were measured as described in our earlier study [1].

The loading steps were determined as follows. Based 
on the results of our earlier study (see Table 2), the load 
in step 1 was one-half the maximum load. In step 2, the 
point was at which load lowered by 0.1 kN, which can be 
regarded as the point at the maximum load. In step 3, the 
point was d from the displacement at 0.1 kN in the load-
ing process.

For DIC measurements of the strain distributions on 
the specimen surfaces, black dots on a white surface were 
randomly painted on the faces of the specimens. The sur-
faces were imaged by a digital SLR camera (canon EOS 
Kiss X90 EF-S18-55 mm IS II lens kits) at 0.2 Hz during 
the loading process. To ensure constant surface illumi-
nance, the specimens were illuminated by a ring light in 
the darkroom during the DIC procedure. A resolution of 
the images was 6000 × 4000 pixels. The images were ana-
lyzed using DIC software, the GOM Correlate software 
package, and GOM Gmbh (Braunschweig, Germany) 

[24]. The GOM software measures local strains from 
deformation images using an automated computer algo-
rithm, as shown in Fig. 4. The correlation parameters for 
the evaluation were facet size of 19 pixels and grid spac-
ing of 16 pixels.

Figure 5 shows the specimen in the CT scanning appa-
ratus (v|tome|x L300, Baker Hughes, Japan, Tokyo). To 
improve the efficiency of testing, several specimens were 
sandwiched between foam core boards and tested at the 
same time. The specimens were scanned at a 200 kV and 
200 μA source output level with no filters. The scanning 
distances to the detector and specimens were 1400 and 
962.5  mm, respectively. The number of angular projec-
tions (0.18°) was 2000 with 0.75  s of exposure time per 
projection. The CT images were analyzed using MyVGL 
(volume graphics, Heidelberg, Germany) [25]. The result-
ing 3D and cross-sectional images are shown in Fig.  6. 
The 3D reconstruction volumes were composed of gray-
scale voxels with dimensions of (275 × 275 × 275) μm3. As 
the brightness of the pixels corresponds to their density, 
the internal deformation behavior can be inferred from 
these images.

Additionally, we could not observe visible fracture in 
mechanical behavior in this study since the displacement 
was limited to 1d and it was too small to become frac-
tured completely. Therefore, we judged the fracture only 
based on the images of DIC and CT scanning.

DIC results
Analysis method
Regarding the load direction as the y-axis, the x-, y- and 
shear–strain distributions were obtained along five lines 
(see Fig.  7). As shown in representative strain distribu-
tions (Fig. 8), the strain was stronger near the dowel than 
in other areas and could not be measured in some areas 
due to failure. The failed areas were considered as areas 
of local strain and fracture spread caused by embedding 
stress.

Table 1  Fundamental properties of the plywood (PW) and oriented strand board (OSB) panels

Ave. (average) and S.D. (standard deviation) of three mechanical tests according to ASTM D 1037 [23]

Density
(kg/m3)

MC
(%)

In-plane tensile 
properties

Internal bond properties In-plane shear properties Other information

Strength
(MPa)

Elastic 
modulus 
(GPa)

Strength
(MPa)

Elastic modulus
(GPa)

Strength
(MPa)

Elastic modulus
(GPa)

PW Ave 421 8.5 16.3 6.85 1.585 0.0280 5.55 0.674 Wood species; Cryptomeria 
japonica (Japanese cedar)
Number of layers; 5, class; 2nd, 
use; for structural use [21]

S. D 10 1.7 4.1 0.96 0.147 0.0045 0.46 0.065

OSB Ave 651 6.6 18.7 6.51 0.724 0.0181 11.30 2.063 Number of layers; 3, class; 4th [22]

S. D 41 0.2 3.1 1.05 0.121 0.0039 1.15 0.305
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DIC can obtain the strain contours on the specimen 
surfaces and the strain distributions along the desig-
nated lines but the strain scale was difficult to configure 
because the boundary of the strongly deformed area was 
not clearly defined. As the yield strains and other char-
acteristic strain points differ among wood-based panels 
with different properties, an appropriate and objective 
standard was difficult to set. The present study proposes 
an analysis method to resolve these problems.

Figure 9 is a schematic of the analysis process. The anal-
ysis focuses on the strain distributions within the range 
1d –2d from the right and left edges along the middle 
horizontal line and from the upper edge along the middle 

vertical line, which are considered to be unaffected by 
embedding stress. Second, the average μ and standard 
deviation σ of the strains were calculated in that range. 
Third, μ + 3σ and μ − 3σ were configured as higher and 
lower standards, respectively. The lengths of the areas 
with strains above μ + 3σ and below μ − 3σ were measured 
and defined as the tensile and compressive strain ranges, 
respectively. AS the only absolute value of the shear 
strain was calculated, lengths exhibiting strains above 
μ + 3σ (defined as the shear strain range) were measured. 
The lengths of the missing areas in the strain distribution 
(defined as failure areas) were also measured. Finally, all 
lengths were divided by d to obtain standardized strain 
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Fig. 2  Schematic of the testing procedure. The specimen is plywood tested along the strong axis (PW-s) with dowel diameter d = 12 mm
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ranges. The area within 0.5 d from the edge was not tar-
geted because an erroneously high strain was measured 
there. This procedure was carried out for each strain type 
on each specimen.

Comparison of standardized strain ranges 
and strain‑distribution shapes
Figures 10 and 11 compare the standardized strain ranges 
along the horizontal and vertical lines, respectively. The 
overall trends exhibited three distinct characteristics. 
First, the standardized strain range widened during each 
loading step, particularly along the horizontal lines. Sec-
ond, the range diminished when the dowel diameter 
increased. Third, the range spread vertically and horizon-
tally along the strong and weak axes, respectively. The dif-
ference between the strong and weak axial specification 
was more obvious in PW than in OSB. The first, second, 
and third of these characteristics support the second, 
third, and fourth of the above hypotheses, respectively.

To understand the stress distributions in the speci-
mens, Figs. 12, 13, 14, and 15 show the strain-distribution 
contours of PW-s, PW-w, OSB-s, and OSB-w, respec-
tively. In PW-s, the range of vertical x strains was positive 
in the central area and negative in the side areas, imply-
ing that the fiber was ruptured above the dowel and con-
centrated on both sides of the dowel. This mechanism 
caused compressive stress in the side section. In previ-
ous DIC-based studies on timbers, Lederer [20], who 
performed a compressive-type embedding test, observed 
compressive strain over a large area whereas Sjödin, who 
performed a tensile-type embedding test, did not [8]. 
As a specimen is usually more ductile under a compres-
sive test than under a tensile test, we surmised that the 
compressive stress-area side of the dowel is related to 
ductility. Although a tensile type test was adopted in the 
present study, the PW-s exhibited ductile behavior under 
the embedding stress, consistent with our previous study 
[1]. Therefore, the large compressive stress area observed 
in the present study might accompany ductile behavior. 

Transducer
(measuring
displacement
between the
bottom of testing
machine and the
steel jig)

SpecimenDowel

Steel jig

a panel
with a
thickness
equal to
that of the
specimen

M20 bolt

Random dot
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Fig. 3  Schematic of the embedment test

Table 2  One-half of the maximum stress predicted based on 
our earlier study [1]

Material d (mm) Predicted one-half of 
the maximum stress 
(MPa)

PW-s 5.2 15.0

12 12.7

PW-w 5.2 21.6

12 12.5

OSB-s 5.2 20.3

12 11.6

OSB-w 5.2 20.9

12 12.8

Fig. 4  Contours of strain distribution obtained by the DIC procedure
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Specimens sandwiched
with foam core boards

Stage

X-ray tube

Fig. 5  Schematic of the CT scanning test
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In addition, the strain range was widened both horizon-
tally and vertically during each loading step.

The strain distribution in PW-w is characterized by 
an extensive horizontally spreading y-strain, resem-
bling the stress distribution when timber is partially 
compressed perpendicular to the grain (PCPG) [26, 
27]. The substantial variation with d is likely attrib-
uted to the constant absolute extent of stress spread-
ing, which is independent of pressure area. The strain 
range was broadened horizontally during each loading 
step but no broadening was observed at vertical direc-
tions, suggesting that the embedding depth remained 
constant in each step. In addition, the shear strain 
along the horizontal lines was minimally expanded 
during each loading step (see Fig.  10) and the shear 
strain was smaller along the central vertical line than 
along the side vertical line. Figure 16 plots the y-strain 
and shear strain along the upper horizontal line of 
PW-w. The shear strain peaked at the position of bot-
tom of y-strain, implying that the shear strain range 

located at the boundary of the y-strain range. The 
width of this boundary line did not expand, even when 
the range of y strains widened.

In OSB, the strains did not differ between the strong 
and weak axial specifications obviously, and they sub-
stantially depended on d. During each loading step, the 

(a) (b)

Fig. 6  Grayscale images obtained by the CT scanning apparatus. a 3D image and b cross-sectional image
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strain range significantly broadened only in the horizon-
tal direction. The x strain was distributed circularly, as 
shown in Figs. 14 and 15.

CT scanning results
Analysis method
Internal cross-sectional images of five plywood layers 
and three OSB layers were acquired via CT scanning at 
the locations shown in Fig. 17. The brightness and con-
trast at each step were harmonized and the difference 
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images were binarized as demonstrated in Fig.  18. The 
threshold was determined manually by each specimen 
based on visual difference image and brightness histo-
gram before binarization to be set as the layer pattern 
(e.g., annual rings of veneers and the configuration of 

strands) and the density change were made invisible and 
visible, respectively, as far as possible. This procedure 
was conducted by specified one person. The areas voided 
or densified under the embedding pressure were deter-
mined from the brightness differences in the images. The 
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first-step–second-step and second-step–third-step dif-
ference images were obtained as the plasticity difference 
(PD) and ultimate difference (UD) images, respectively, 
for each specimen and each cross-section. In addition, a 

density distribution in the thickness direction is likely to 
be taken into consideration when highly homogeneous 
panels are targeted such as MDF. However, since a layer 
in PW and OSB is composed of a veneer and strands, 
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respectively, the density variation in the in-plane direc-
tion is high. Therefore, even if a density distribution in 
the thickness direction is investigated, whether the den-
sity variation is attributed to the density variation in the 
in-plane or the thickness direction is unclear. For these 
reasons, a density distribution in the thickness direction 
was not verified in this study.

In Fig.  19, the voided and densified regions in the 
derived difference images are categorized as follows: 
Region A (immediately above the dowel), Region B (left 
and right of the dowel), Region C (above the dowel), 
Region D (diagonally above the dowel), and Region E 
(otherwise). This categorization ascertains the deformed 
location in each specification, each layer, and each step. 

After identifying the fracture areas, it was discussed 
whether a layer with different specifications exhibited 
similar fracture features. The procedure is detailed below.

We first assessed whether the failure mode depends 
on the location of the target layer (outer or inner). 
For this purpose, the first and fifth layers of plywood 
and the first and third layers of OSB were deemed 
the outer layers, whereas the third layer of plywood 
and the second layer of OSB were deemed the inner 
layers. Table  3 presents the probabilities of density 
changes occurring under each condition. Figure  20 
shows the result of a regression analysis on the data of 
Table  3, where R2 indicates the similarity in fracture 
forms between the outer and inner layers with other 

x strain

y strain

1st step

2nd step

3rd step

1st step

2nd step

3rd step

d = 5.2mm d = 12mm

Fig. 12  Contours of strain distributions in PW-s. Red and blue areas indicate where the strains are above μ + 3σ and below μ− 3σ, respectively
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conditions matched. This analysis was separately con-
ducted for PW and OSB and for PD and UD, yielding 
four distinct R2 values.

Whether the failure modes differed between the 
strong-axis and weak-axis layers was evaluated simi-
larly. The first, third and fifth layer of PW-s, first and 
third layer of OSB-s, and the second layer of OSB-w 
were deemed strong-axis layers, whereas the first, 
third, and fifth layer of PW-w, the second layer of 
OSB-s, and the first and third layers of OSB-w were 
deemed weak-axis layers. The second and fourth layers 
of PW were ignored to ensure the same conditions as 
when combining the inner and outer layers. The com-
parison data (Table  4) were subjected to a regression 
analysis as described above.

Classification results of failure behavior
The R2 values of the inner vs. outer layers and strong vs. 
weak layers are compared in Table  5. In PW, the inner 
vs. outer comparison yielded higher R2 values than the 
strong vs. weak comparison, for both PD and UD. There-
fore, the failure mode in this specimen was only slightly 
affected by layer position but was largely affected by vari-
ations in fiber direction.

In OSB, the inner vs. outer layer comparison yielded 
lower R2 values than the strong vs. weak layer compari-
son for UD but the reverse was true for PD. Between the 
inner vs. outer and strong vs. weak comparisons, the UD 
varied more widely than PD. The deformation behavior 
was also more obvious in UD than in PD. Accordingly, 
the results of UD are regarded as more important than 
those of PD. The failure behavior of a layer in OSB is 

x strain

y strain

1st step

2nd step

3rd step

1st step

2nd step

3rd step

d = 5.2mm d = 12mm

Fig. 13  Contours of strain distributions in PW-w. Red and blue areas indicate where the strains are above μ + 3σ and below μ− 3σ, respectively
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probably dominated by the position rather than the fiber 
direction of the layer. This discussion aligns with the first 
hypothesis in our earlier study.

Moreover, the fibers in the odd-numbered veneer layers 
(first, third and fifth layers) of PW-s were oriented iden-
tically to the even-numbered veneer layers (second and 
fourth layers) of PW-w. Additionally, the even-numbered 
veneer layers of PW-s and the odd-numbered veneer lay-
ers of PW-w were identical in the fiber direction. Adopt-
ing a common analysis method, we then determined 
whether the different fracture form was exhibited by the 
variation between the odd- and even-numbered layers as 
the fiber direction was matched. The R2 values were 0.82 
and 0.80 for the PD and UD cases, respectively, demon-
strating that the failure behavior in PW was determined 

only by the direction of the veneer fibers, independently 
of layer position.

Density changes in each region and comparison 
among their size
Table  6 presents the probabilities of density changes in 
each specification. Figure 21 shows representative differ-
ence images of strong and weak axial layers in PW and 
the outer and inner layers in OSB.

Position B was commonly densified in the strong axial 
layers of PW, possibly because the fibers on both sides 
of the dowel were condensed by fiber dissociation from 
the center. Both voids and densification were observed at 
location C in the UD image, likely because cracks propa-
gated upward during large deformations.

x strain

y strain

1st step

2nd step

3rd step

1st step

2nd step

3rd step

d = 5.2mm d = 12mm

Fig. 14  Contours of strain distributions in OSB-s. Red and blue areas indicate where the strain is above μ + 3σ and below μ − 3σ, respectively
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Areas C and D in the weak axial layer of the UD 
experienced voiding and densification when the layer 
was deformed by embedding stress and became plasti-
cized and fractured above, to the right, and to the left 
of the dowel. The deformation failed to recover after 
unloading.

Voids in areas B, C, D, and E were largely distributed 
and scattered through the outer layer of OSB, presuma-
bly resulting from surface delamination. Only the inner 
layer of OSB was densified, and voiding and densifica-
tion frequently appeared in area C. These findings sug-
gest that out-of-plane delamination predominates in 
the outer layer, whereas in-plane compressive deforma-
tion predominates in the inner layer.

The voided and densified areas were standardized 
by dividing each area by the dowel size. The results are 
shown in Fig. 22. After increasing the dowel diameter, the 
densified area decreased but the void area showed no sig-
nificant change (in contrast, the void area in the strong 
axial layer of PW was widened by increasing d). As the 
void area included the movement trace of the dowel, its 
absolute size varied proportionally with diameter. The 
results of the densified areas were consistent with the 
third hypothesis in our earlier study at least. In PW, the 
weak axial layer exhibited a larger densified and void area 
than the strong axial veneer, probably because the den-
sification of the region to the left and right of the dowel 
due to fiber dissociation was indirectly caused by stress 

x strain

y strain

1st step

2nd step

3rd step

1st step

2nd step

3rd step

d = 5.2mm d = 12mm

Fig. 15  Contours of strain distributions in OSB-w. Red and blue areas indicate where the strain is above μ + 3σ and below μ − 3σ, respectively
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acting perpendicular to the direction of the applied force 
in the strong axial layer. Conversely, embedment into 
the weak axial veneer is directly caused by stress acting 
parallel to the applied force. A large void area and a cer-
tain sized densified area were observed in the outer and 
inner layer of OSB, respectively. Therefore, it can be con-
cluded that embedment stress in OSB causes delamina-
tion in the surface layer and compressive deformation in 
the inner layer. In addition, the standardized void area of 

the surface layer depended on the diameter, although the 
standard deviations are wide. In other words, the abso-
lute value of the delamination area is apparently inde-
pendent of diameter.

Discussion
The strain distributions and deformation behavior deter-
mined from the DIC and CT scanning results were con-
sistent. Additionally, most of the results support the 
hypotheses proposed in our earlier study. Therefore, the 
failure behavior of PW and OSB was reliably elucidated. 
Based on the results, we now discuss a theoretical model 
of the failure behavior under embedding stress.

A horizontal tensile strain is generated at the mid-
dle vertical line of the strong axial layer in PW, causing 
lateral compression to the right and left of the dowel. A 
previous study adopted fracture mechanics to explain the 
brittle splitting in timber under an embedding stress par-
allel to the grain [8]. However, fracture mechanics seems 
inappropriate for predicting the embedding strength of 
the strong axial layer because the failure mode of PW is 
ductile. Previous studies on timber [28, 29] discussed and 
established theoretical models of lateral stress at the side 
of the dowel. These models might (at least in part) also 
explain the strong axial layer in PW.

The failure behavior of the weak axial layer in PW 
under embedding stress is similar to that of timber 
under PCPG, as the y compressive strain is horizon-
tally distributed and the densified area is located diago-
nally above the dowel. Whereas fracture mechanics is 
assumed in timber loaded perpendicular-to-grain [30, 
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Fig. 17  Targeted cross sections in the CT-based analysis. t denotes 
the thickness of the wood-based panel



Page 16 of 21Sudo and Aoki ﻿Journal of Wood Science           (2023) 69:36 

31], PCPG theory (applied to timber loaded parallel-to-
grain) is possibly applicable to the weak axial layer in 
PW under an embedding stress.

Although the embedding performance of PW approx-
imately equals the summed performances of the indi-
vidual layers, adhesive layers might also contribute. The 
adhesive layer, which binds the deformations of two 
adjacent layers with different fiber directions and frac-
ture behaviors (the so-called locking effect [32]), will 

likely resist embedding stress. These effects should be 
quantitatively evaluated in future study.

As the outer and inner layers in OSB are fractured 
in different ways, their behavior must be modeled for 
estimating the embedding performance of OSB. How-
ever, the delamination of wood-based panels generated 
by in-plane compressive stress has not been reported. 
Although this phenomenon appears to be related to Pois-
son’s effect or buckling, a theoretical model is required 
in further work. Developing such a model is difficult 
because very few studies have explored this type of fail-
ure behavior.

Conclusion
This study reported the detailed strain distributions and 
failure behaviors of wood-based panels using the DIC 
and CT scanning techniques. PW and OSB were selected 
as representative panels. One aim of this observation was 
to verify the hypotheses obtained in our earlier study: (i) 
there exist two types of failure behavior (in-plane fail-
ure and out-of-plane failure) when the edge distance is 
sufficient; (ii) the stress-spreading range is larger at the 
maximum stress than at the yield stress; (iii) the stress-
spreading range (normalized by the dowel diameter) 
reduces when the dowel diameter increases; and (iv) the 
stress generated by embedment pressure preferentially 
spreads vertically and horizontally along the strong and 
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contrast
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Fig. 18  Schematic showing the method for analyzing density changes
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Fig. 19  Categorization of voided and densified areas. a Location 
of each categorized area; b examples of categorization
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weak-axis specifications, respectively. Whether each 
hypothesis is supported or not supported is discussed 
below.

Hypothesis (i)—accepted

From the CT scanning results, the panel layers were clas-
sified based on densified or voided locations around the 
dowel. Consequently, the layers in PW were classified 
into strong and weak axial layers and those in OSB were 
classified into outer and inner layers.

Table 3  Comparisons of failure behavior between the outer and inner layers

Direction Diameter (mm) Voided or densified Probability of density 
change in

Outer Inner

Strong 5.2 Voided A 1 1

B 0.5 0.5

C 0.5 1

D 0 0

E 0 0

Densified A 1 1

… … … …

12 Voided A

… …

Densified

…

Weak 5.2 Voided A

… … … …

Probability of failure at the
specific area in the outer layer
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Fig. 20  Representative regression analysis of fracture probability

Table 4  Comparisons of failure behavior between the strong 
and weak axial layers

Position Diameter
(mm)

Voided or
densified

Probability of 
density change 
in

Strong Weak

Outer 5.2 Voided A 1 1

B 0.5 0.5

C 0.5 1

D 0 0.5

E 0 0.25

Densified A 1 1

… … … …

12 Voided A

… …

Densified

…

Inner 5.2 Voided A

… … … …

Table 5  Comparison of R2 values

“Inner vs outer” and “Strong vs Weak” indicate the correlations between outer 
and inner layers and between strong and weak axial layers, respectively. PD and 
UD mean plastic difference and ultimate difference, respectively

Comparison Material Step R2

Inner vs. outer PW PD 0.85

UD 0.66

OSB PD 0.66

UD 0.38

Strong vs. weak PW PD 0.61

UD 0.24

OSB PD 0.55

UD 0.53
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Hypothesis (ii)—intermediately accepted

The DIC results revealed a high-strain range that 
increased along the horizontal direction for each strain 
type in each panel except for shear strain in PW-w. In 
contrast, the high-strain range along the vertical direc-
tion increased only in PW-s.

Hypothesis (iii)—intermediately accepted

When the dowel diameter increased, the DIC results 
revealed a decrease in the standardized strain range, 
whereas the CT scanning results showed a decrease in 
the standardized densified areas but no decrease in the 
void areas.

Table 6  Comparisons of density-change probabilities in each region

(a) PW and (b) OSB. Values ≥ 0.5 are highlighted in bold font

Layer d (mm) Step Change in density A B C D E

(a)

Strong 5.2 PD Void 0.9 0.2 0 0 0

Densified 0.9 0.6 0 0 0

UD Void 1 0.4 0.8 0 0

Densified 1 0.9 0.6 0 0

12 PD Void 1 0 0 0 0.1

Densified 1 0.1 0 0 0

UD Void 1 0.4 0.7 0.2 0.3

Densified 1 0.5 0.5 0.1 0.1

Weak 5.2 PD Void 0.8 0.3 0.2 0.2 0

Densified 0.9 0 0 0 0

UD Void 1 0.3 1 0.9 0.3

Densified 0.9 0.2 1 0.7 0.1

12 PD Void 1 0 0 0 0

Densified 0.9 0.1 0 0 0

UD Void 1 0.1 1 0.5 0.3

Densified 1 0.6 0.8 0.5 0.1

(b)

Outer 5.2 PD Void 1 0.125 0.375 0.25 0.125

Densified 0.5 0.25 0 0.25 0.125

UD Void 1 0.625 0.875 0.625 0.75
Densified 0.5 0.125 0.125 0.25 0.25

12 PD Void 1 0 0 0 0.125

Densified 0.375 0 0 0 0

UD Void 1 0 0 0 0.125

Densified 0.375 0 0 0 0

Inner 5.2 PD Void 1 0.25 0.5 0.25 0.25

Densified 0.75 0 0.25 0.25 0

UD Void 1 0.5 0.75 0.25 0.25

Densified 0.75 0 0.5 0.75 0

12 PD Void 1 0 0.25 0.25 0

Densified 1 0 0 0 0

UD Void 0.75 0 0.75 0.5 0

Densified 0.75 0 0.5 0.25 0
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Hypothesis (iv)—accepted

The strain range spread vertically and horizontally along 
the strong and weak axial specifications, respectively.

In summary, the results of DIC and CT scanning 
roughly supported the above hypotheses.

The failure behaviors of the strong and weak-axis 
specifications strongly differed in PW but not in OSB. 
The fibers at both sides of the dowel in the strong 
axial layer of PW were densified under an embedding 
stress because the fibers dissociated immediately above 
the dowel. The weak axial layer in PW was deformed 
like the timber partially compressed perpendicular-
to-grain. The outer layer in OSB under an embedding 
stress exhibited a circularly distributed strain range and 
a dispersed void area. Densified areas appeared only in 
the inner layer of OSB.

These findings will likely contribute to a theoretical 
model of the embedding performance of wood-based 
panels. The obtained strain ranges provide an evidence 
for connecter configurations such as edge distance, 
end distance, and distance between connecters. The 
revealed failure behavior may assist the development 
and improvement of manufacturing methods for wood-
based panels with increased embedding performance. 
Further studies are needed to fully realize these goals.

(a) (b)

(c) (d)

Fig. 21  Representative difference images exhibiting voided 
and densified areas. Red and blues areas are voided and densified 
areas, respectively. a Image of a strong axial layer in PW (ultimate 
difference (UD) of the third layer of PW-s with d = 5.2 mm). b Image 
of a weak axial layer in PW (UD of the fourth layer of PW-s with d = 5.2 
mm). c Image of an outer layer in OSB (UD of the first layer of OSB-w 
with d = 12 mm). d Image of an inner layer in OSB (plasticity 
difference of the second layer of OSB-s with d = 12 mm)
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Abbreviations
PW	� Plywood
OSB	� Oriented strand board
DIC	� Digital image correlation
CT	� Computed tomography
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