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Abstract 

Embedment properties are vital to timber structural designs, and many types of wood-based structural panels have 
been developed for diverse uses. Comprehensive and systematic studies regarding the embedment properties of 
wood-based structural panels are limited. In this study, a jig that allows the observation of fracture processes is devel-
oped, and a monotonic tensile embedment test is conducted on plywood, oriented strandboard (both strong and 
weak axes), particleboard, medium density fiberboard, and hardboard. The parameters used in the test are the dowel 
diameter, pilot hole size, and end and edge distances. The effects of these parameters on the embedment properties 
(i.e., the failure mode, ductility, maximum stress, and yield stress) are discussed comprehensively. The failure mode is 
determined by the edge distance. At a sufficient edge distance, ductile failure occurs, and the load is maintained until 
the remaining end distance reaches a certain value. The maximum stress and yield stress are analyzed quantitatively 
via standardized multiple regression analysis. The results suggest the following: (i) The ratio of the in-plane strength 
to the internal bond strength is related to the failure behavior; (ii) the dowel diameter, fiber direction, and load levels 
affect the stress spread pattern of the embedment pressure.

Keywords Wood-based structural panel, Plywood (PW), Oriented strand board (OSB), Particleboard (PB), Medium 
density fiberboard (MDF), Hardboard (HB), Bearing, Embedment, Pilot hole, Edge distance, End distance, Standardized 
multiple regression analysis (SMRA)

Introduction
Many types of wood-based panels have been devel-
oped recently, with each composed of different types 
of elements as raw materials [1]. These panels are often 
used for interior paneling. Additionally, they have been 
employed in structural applications.

The performance of a timber structure is generally 
determined by the joint performance. When the joints 
are deformed, hard cylindrical dowels (e.g., nails and 
bolts) become embedded in the wooden members—a 
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phenomenon known as “embedment”—and their 
mechanical properties significantly affect structural 
designs. Therefore, the performance of joints, such as 
the yield load [2] and initial stiffness [3], can be predicted 
based on the embedment properties.

The embedment properties of timber and other types 
of wood-based materials used for columns and beams 
have been investigated extensively. Examples include 
comprehensive experimental studies using the diameter 
of the dowel as a main parameter [4, 5] and those per-
taining to the relationship between the pilot hole and 
the embedment properties of timber [6]. To theoretically 
elucidate the fracture mechanisms and physical influenc-
ing factors of wood subjected to embedment pressure, 
researchers have estimated the splitting failure strength 
caused by embedment stress using fracture mechan-
ics [7, 8] and verified the relationship between embed-
ment properties and the friction coefficient of dowels 
and members [9–11]. To clarify the failure process by 
detailed observations, advanced methods such as digi-
tal image correlation and computed tomography scans 
have been applied [11–13]. Additionally, researchers have 
developed advanced analytical methods considering sof-
tened or damaged zones around dowels, which have been 
applied to estimate loads at large deformation ranges, 
including cases with decreasing loads [14, 15].

In Japan and other countries, the embedment resist-
ance of wood-based structural panels is regarded as 
equally important as that of timber, and performance 
standards of some types of panels are defined in JIS [16, 
17]. Standard test methods, called the lateral nail resist-
ance test, have been defined by JIS [16, 17], JAS [18, 19], 
or ASTM [20]. In addition, the embedment properties 
have been investigated. For example, researchers have 
investigated the embedment strength of PB [21–24], a 
performance degradation model based on long-term 
exposure [24–26], the effect of the density profile of 
MDFs [27], and the effect of the fiber direction of PWs on 
the initial stiffness of embedment stress [28].

However, these studies cannot be classified as system-
atic and comprehensive owing to the limited param-
eters used. Furthermore, the embedment properties 
were measured as part of the performance of the panels 
rather than as a main objective of the studies. Wood-
based structural panels are primarily used structurally in 
sheathed shear walls and floors. Therefore, determining 
the method of constructing joints for wood-based struc-
tural panels based on specification rules is sufficient for 
practical purposes, whereas knowledge regarding their 
fundamental performance is still inadequate.

Currently, wood-based structural panels are used 
in new applications owing to the increasing scale of 
timber structures and design diversification [29]. The 

development of new materials such as mass plywood 
panels [30] is expected to support this trend. In addi-
tion, many types of wood-based structural panels exist, 
with each composed of different-size raw wood elements. 
Therefore, promoting the structural use of wood-based 
structural panels encourages their cascade use [31], 
which is meaningful from an environmental perspective.

Limited research has been conducted on the embed-
ment properties of wood-based panels, which will be 
further discussed in the following paragraphs. Experi-
mental data regarding the embedment properties of 
timber include the yield load, maximum load, initial stiff-
ness, and ductility. The influencing factors have been 
identified, and regression equations have been used to 
determine the characteristic values using these factors. 
Furthermore, researchers have investigated the effects of 
edge and end distances on the failure modes, elucidated 
each failure mechanism, and theoretically estimated the 
characteristic values corresponding to the failure modes.

In contrast, comprehensive and systematic studies 
regarding the embedment properties of wood-based 
panels are few, and owing to insufficient experimental 
data, factors affecting these properties have not been elu-
cidated. The change in the failure mode by the end and 
edge distances, which are generally used as parameters to 
investigate the embedment properties of timber, has not 
been clarified. Similarly, the failure mechanism of wood-
based panels under embedment forces has not been 
revealed. Furthermore, no single paper has provided a 
comprehensive analysis of multiple characteristic values. 
Most related studies have focused primarily on the maxi-
mum stress, whereas ductility has not been investigated. 
From the view of actual use, the criteria for the edge dis-
tance of a panel sheathed shear wall are customary, and 
an appropriate manual for the edge distance correspond-
ing to the connection type or a wood-based panel does 
not exist.

To enhance the structural use of wood-based pan-
els, clarification is required regarding the effect of the 
parameters, as used in a previous study pertaining to the 
embedment properties of timber, on the various charac-
teristic values and, subsequently, the failure mode and 
mechanisms. This paper presents the basis for theoreti-
cal studies pertaining to the embedment properties of 
wood-based panels and contributes to the derivation of 
an estimation equation. In addition, the findings of this 
study contribute to the actual application, for exam-
ple, the selection of wood-based panels for the desired 
structural form and the appropriate configuration of the 
connections.

In this study, embedment tests were performed on 
five types of wood-based structural panels to observe 
the fracture processes. In addition to the panel type, the 
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parameters used in the tests were the dowel diameter, 
pilot hole diameter, end distance, and edge distance. First, 
the failure process was observed closely, and the effects 
of the parameters on the failure mode were verified. Sec-
ond, based on the obtained results, the yield stress, maxi-
mum stress, and ultimate displacement (ductility) were 
calculated, and the relationship between ductility and 
parameters was verified. Finally, a standardized multiple 
regression analysis (SMRA) was performed to quantita-
tively analyze the influence degree of various conditions 
on each characteristic value.

Materials and methods
Specimens
The panel types used in the test were PW, OSB, PB, MDF, 
and HB. The fundamental properties of these panels, 
including the density, moisture contents, tensile and in-
plane shear strength, and some information regarding 
standard classification, are shown in Table 1. An in-plane 
shear test was conducted on only the orthotropic pan-
els (PW and OSB), i.e., not on the isotropic panels (PB, 
MDF, and HB). As PW and OSB are in-plane orthotropic 
materials, the embedment test was conducted along both 
strong and weak axes (a strong (weak) axis specification 
implies that the load is parallel (perpendicular) to the 
fiber on the surface layer). In addition, a trailing “-s” (e.g., 
PW-s) indicates the strong axis, whereas a trailing “-w” 
(e.g., PW-w) indicates the weak axis. The thickness of the 
HB specimen was 5 mm, whereas that of the other panel 
types was 9 mm.

The other parameters were set as follows: the dowel 
diameter d (5.2 and 12 mm), the dowel position (from A 
to G, as shown in Fig.  1), and the pilot hole size ph (0, 
1/3, 2/3, and 1 times the diameter). The combination of 
the dowel position and ph is shown in Fig. 1 as well. For 
the dowels, an N150 nail (d = 5.2 mm, defined by JIS [32]) 
and a custom-developed dowel (d = 12  mm) were used, 
as shown in Fig. 2. Tests based on 44 specifications were 
conducted for each panel type, and the number of speci-
mens was six per specification. However, the embed-
ment test could not be conducted on some PB and MDF 
specimens because they were fractured during nailing 
prior to the test. In particular, at the dowel position F and 
d = 5.2  mm, all specimens were fractured except when 
ph = 1.

Test methods
Embedment tests were conducted by applying a tensile 
force through a sandwich structure comprising a pair 
of steel plates with a rectangular hole (see Fig. 3). A jig 
was designed to enable the observation of the failure 
process and eliminate the depth clearance. The speci-
men panel with a dowel inserted was set on the lower 

section of the jig, and the lower section of the panel 
was fixed by clamping. At the upper section of the jig, 
a panel with a thickness equal to that of the specimen 
was inserted and tightened loosely with two M20 bolts. 
The upper side of this panel was clamped and pulled up. 
Because the dowels used for the specimen were less than 
20  mm in terms of their diameter, i.e., 5.2 and 12  mm, 
only they were embedded in the specimen, whereas the 
M20 bolts were only slightly embedded into the other 
panel. A monotonic tensile load was applied to the speci-
men at 3 and 4 mm/min (d = 5.2 mm) or at 6 and 7 mm/
min (d = 12  mm). Both test speeds can be regarded as 
static speeds, and the difference in the test speeds can 
be assumed to impose no effect on the test results. The 
absolute deformation was measured using four displace-
ment transducers placed at the corners of the jig, and the 
average deformation was regarded as the entire deforma-
tion. The test was continued until the specimen fractured 
completely. After the test was completed, the dowel did 
not exhibit any bending deformation.

Results and discussion
Failure mode
Based on the embedment test, two failure modes were 
observed: one was shear failure at the area above the 
dowel, as shown in Fig.  4, hereafter termed “end shear 
failure (ESF),” and the other was tensile failure at the area 
next to the dowel, as shown in Fig.  5, hereafter termed 
“side tensile failure (STF).” ESF constitutes ductile fail-
ure, whereas STF constitutes brittle failure. STF occurred 
only at dowel positions D to G. In addition, partial buck-
ling failure occurred in PW-w and OSB-w when the 
dowel position was F (see Fig. 6). However, the tendency 
of partial buckling failure, such as the high probability of 
occurrence with the narrow edge distance and its brittle-
ness, were similar to those of STF, and this failure behav-
ior was classified as STF in this study to simplify the 
discussion.

The STF resembled simple tensile failure and did not 
differ significantly among the panel types. Moreover, the 
ESF showed some differences among the panel types. Fig-
ure 7 shows a summary of the fracture progression dur-
ing the test and the failure appearance of each panel after 
the test. In this figure, all parameters except the panel 
type are standardized uniformly (dowel position: A, d: 
12 mm, ph: 1).

The ESF mode exhibited two types of failure behavior: 
a crack on the surface of the panel generated by in-plane 
tensile or shear stress, termed “in-plane failure,” and a 
peeled surface divided into several layers. Peeled surface 
failure is generated by the Poisson effect of the compres-
sive stress immediately above the dowel and is termed 
“out-of-plane failure.”
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Although these two types of failure behavior generally 
occurred simultaneously, it was possible to identify the 
dominant failure behavior for each panel type.

After the test was completed, vertical and horizontal 
crack lines were observed in PW-s and PW-w, respec-
tively. Although the layers of the specimens were sepa-
rated after the test, they were only slightly delaminated. 
This separation of layers was caused by the difference in 
failure mode in the fiber direction of the veneer, not by 
the Poisson effect.

Compared with the PW specimen, the OSB specimen 
did not show a clear crack line. Additionally, the surface 
layer of the OSB specimen peeled off more significantly 
than that of the PW specimen. Therefore, based on a 
comparison between the PW and OSB specimens, in-
plane failure and out-of-plane failure were dominant in 
the former and latter, respectively.

For the PB, horizontal tensile failure occurred immedi-
ately above the dowel after the test was completed. Layer 
separation was not observed.

Similar to the PB results, horizontal tensile failure 
occurred immediately above the dowel in the MDF. How-
ever, the photograph shown in Fig. 7 (captured from the 
upper angle) shows a failure mode where the panel was 
separated into two layers (in some specimens, into three 
layers), which was not observed in the PB.

Moreover, the HB panel fractured by peeling, as simi-
larly observed in the OSB. The photograph in Fig.  7 

(captured from the upper angle) shows a failure mode 
where the panel was separated into several layers.

Based on a comparison of the three isotropic materi-
als, the dominant failures exhibited by the PB, HB, and 
MDF were in-plane failure, out-of-plane failure, and a 
failure mode between in-plane and out-of-plane failure, 
respectively.

To correlate these failure behaviors with the material 
property, the “in-to-out plane strength,” which is defined 
by the tensile strength divided by the internal bond 
strength, was introduced. The in-to-out plane strengths 
of the PW, OSB, PB, MDF, and HB were 14.6, 34.6, 7.00, 
16.06, and 24.17, respectively.

A comparison of the in-to-out plane strength of the 
orthotropic panels shows that a panel with a higher in-
to-out plane strength is dominated by out-of-plane fail-
ure. The fracture mechanism is shown in Fig. 8. The same 
trend was observed for the isotropic panels. These results 
suggest that the in-to-out plane strength is related to the 
failure behavior under the embedment pressure.

The OSB and HB specimen exhibited the highest in-to-
out plane strength ratios among the in-plane orthotropic 
and in-plane isotropic panels, respectively. In these pan-
els, the final failure was due to peeling, which resulted 
in a slower load reduction at the failure point, as further 
discussed in the subsequent sections.

Next, a discussion regarding the STF is presented. 
Table 2 lists the number of specimens undergoing STF at 
positions D to G.

First, for all panel types, STF was more likely to occur 
at D than at E and at F than at G. This might be because 
specifications involving a short end distance are more 
likely to be fractured via ESF than via STF.

STF tended to occur more frequently in the 5.2  mm 
nail than in the 12 mm dowel (see Table 2). According to 
previous studies regarding the lateral embedment of tim-
ber  [33, 34], stress spreading ranges are absolute ranges. 
In other words, they are not determined by the pressure 
area. The length of the edge distance was set based on the 
diameter in this test; hence, the spreading range of hori-
zontal stress of the 5.2 mm nail was relatively wider than 
that of the 12  mm dowel. This difference in the relative 
spreading range of horizontal stress might have contrib-
uted to the test result mentioned above.

Additionally, STF tended to occur more in the loading 
of the weak axis than that of the strong axis. The STF was 
similar to simple tensile failure; therefore, pure tensile 
strength was assumed to have contributed to the failure 
mode.

Derivation method of the characteristic values
Stress was calculated by dividing the load by 
the projection area of the dowel, after which the 

Fig. 1 Combination of the dowel position and ph. * Label for 
the dowel position. Four tests of ph (i.e., 0, 1/3, 2/3, and 1) were 
conducted at the dowel positions indicated by black circles. Two tests 
of ph (0, 1) were conducted at the white circled dowel positions. d 
and ph mean the dowel diameter and the pilot hole size, respectively

Fig. 2 Schematic illustration of the 12 mm pin
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stress–displacement curves were obtained. Based on 
these displacement curves, the maximum stress σmax 
(MPa), yield stress σy (MPa), and ultimate displacement 
u (mm) were derived using the method presented next.

A simple illustration of the method is shown in Fig. 9. 
Some of the stress–displacement curves included load 
recovery. In this study, once the stress decreased to 
80% of the previous maximum stress, the first peak was 
considered σmax, even when the maximum stress was 
updated after load recovery. In this study, u was defined 
as the displacement at 80% of the maximum stress of 
the entire stress–displacement curve (σmax-sub in Fig. 9), 
including after load recovery. Moreover, σy was derived 
via the 5%-offset method using a linear elastic line in 
the linear range (i.e., offset the length to equal to 5% 
of the dowel diameter). This line was derived from the 
points at 20% and 50% of σmax. However, there were a 
few specimens where a clear reduction in stiffness was 
observed at values below 50% of the maximum stress. 

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

(a) (b)

Fig. 3 Schematic illustration of the embedment test. a Schematic illustration of the test setup; b photograph of the test setup (panel = MDF, 
d = 12 mm, ph = 1, and dowel position = A)

Fig. 4 End shear failure (ESF). The parameters were as follows: panel 
type, PW-s; d, 5.2 mm; ph, 0; dowel position, A
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For these specimens, normal evaluation of the char-
acteristic values was impossible. In this case, a range 
within the linear range was determined for each speci-
men. Additionally, based on the cases where the STF 
occurred, the STF was shown to constitute brittle fail-
ure, and the intersection between its curve and the off-
set line typically occurred after σmax. In this case, σmax 
was regarded as σy.

Comparison of ductility
The ultimate displacement is typically used to compare 
ductility. However, as the ultimate displacement meas-
ured in this study was significantly affected by the origi-
nal end distance, it was not regarded as an appropriate 
indicator of ductility. Additionally, the original end dis-
tance was set based on d, and u is also affected by d. 
Hence, the remaining distance (RD) was introduced. 
RD is expressed in Eq. 1.

where eorigin is the original end distance. For example, eori-

gin equals 36.4 mm when d = 5.2 at dowel position A.
Figure 10 shows a comparison of the RD values. The 

smaller RD is, the higher the ductility.
The trends observed in all the panel types were as fol-

lows: (1) RD of A and B was similar, (2) the average val-
ues of RD at D or F and their standard deviations were 
higher than those at any other dowel positions, and (3) 
RD for d = 5.2  mm was typically higher than that for 
d = 12 mm.

First, the average values of RD of A and B were simi-
lar, i.e., from 2 to 4. In other words, u at the dowel posi-
tion of A ranged from 15.6 mm to 26 when d = 5.2 mm 
and from 36 to 60  mm when d = 12  mm. For the 
embedment of timber, if the ratio of the thickness to d 
is low and dowel bending is not observed, then brittle 
splitting typically occurs [35]. From the test results, it 

(1)RD =
eorigin−u

d

Fig. 5 Side tensile failure (STF). a just after failure and b after removal from the jig. The parameters were as follows: panel type, PW-s; d, 5.2 mm; ph, 
1; dowel position, D

Fig. 6 Partial buckling failure. a PW-w and b OSB-w. The other 
parameters for PW-w were as follows: d = 12 mm, ph = 1/3, and 
dowel position = F. The other parameters for OSB-w were as follows: 
d = 5.2 mm, ph = 0, and dowel position = F
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Fig. 7 Comparison of ESF behavior among panel types
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became clear for the embedment of wood-based panels 
that when the edge distance was sufficient, the failure 
mode was ductile, and the load did not decrease until 
the remaining end distance reached a certain value. 
This implies that the prevalent belief for timber is not 
valid for wood-based structural panels. This mechanism 
is independent of the original end distance. However, 
for the MDF, when the dowel position was A and ph 
was 1, the RD values were high, and hence, the ductility 
was low. An example of the stress displacement curves 
is shown in Fig. 11. Based on this figure, the evaluated 
ductility is low because the specimen reached the maxi-
mum stress early and then maintained 50%–60% of the 
maximum stress. In this study, u was defined as the dis-
placement at 80% of the maximum stress. Hence, u is 

In-plane
tensile or

shear stress

No deformation
through the
thickness

Front Side Front Side

Vertical
compressive

stress

Deformation
out-of-plane

Fig. 8 Two fracture processes of the ESF

Table 2 Number of specimens where STF occurred

* All specimens were fractured during nailing. **One specimen out of six was fractured during nailing. ***Two specimens out of six were fractured during nailing

d and ph mean the dowel diameter and the pilot hole size, respectively

Dowel 
position

ph PW-s PW-w OSB-s OSB-w PB MDF HB

d = 5.2 d = 12 d = 5.2 d = 12 d = 5.2 d = 12 d = 5.2 d = 12 d = 5.2 d = 12 d = 5.2 d = 12 d = 5.2 d = 12

D 0 3 2 5 3 3 2 5 4 6 6 5 3*** 4 0

1 4 1 5 2 5 1 6 5 6 6 0 0 3 1

E 0 3 3 5 4 1 1 4 3 5 3 0 0** 0 0

1 4 0 5 4 1 2 2 3 3 1 1 0 0 0

F 0 3 3 6 0 6 4 6 5 None* 6 None* 5 6 4

1/3 4 2 6 5 6 3 6 6 None* 6 None* 4 6 3

2/3 5 2 6 4 4 3 6 6 None* 6 None* 2 6 5

1 4 0 6 5 6 5 6 6 6 6 6 3 6 5

G 0 3 4 5 4 6 2 5 5 None* 4 None* 3 5 0

1/3 3 2 5 4 5 3 5 6 None* 5 None* 3 3 0

2/3 1 1 5 4 5 2 6 5 6 4 5** 3 1 1

1 2 0 3 3 6 0 6 4 4 6 2 2 0 0
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Fig. 9 Evaluation of characteristic values based on the stress–
displacement curve. The parameters of the specimen were as follows: 
panel type, PW-s; d, 5.2 mm; ph, 0; and dowel position, A
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evaluated just after the point of the maximum stress in 
this case. Conversely, the typical case, depicted as the 
dotted line (ph = 0) in Fig.  11, exhibits a stress reten-
tion of 60–90%, with the ultimate displacement deemed 
evaluated appropriately.

Second, the average values of RD at D or F and their 
standard deviations were higher than those at any other 

dowel positions. As described previously, the failure 
mode at dowel position D or F was STF in some cases 
and brittle. Consequently, the values of RD at D and F 
were high. In addition, a mixture of failures involving 
both ESF and STF occurred in the same specification, 
which resulted in a significant variation in RD. How-
ever, for the PB, the standard deviation was low because 
all specimens fractured via STF.

Third, RD for d = 5.2  mm was higher than that for 
d = 12  mm. As described above, the relative spread-
ing range of the horizontal stress, which was standard-
ized by d, was assumed to be larger when d = 5.2  mm 
in comparison with d = 12 mm. Therefore, the results at 
positions D–G, where STF is likely, can be interpreted 
as in the previous section on “comparison of ductil-
ity”. Although ESF occurred at dowel positions A–C, 
the same interpretation can be used to explain these 
results, assuming the spreading range of the vertical 
relative stress was also larger when d = 5.2 mm. There-
fore, this suggests that the relative stress spreading 
range was larger both horizontally and vertically when 
d = 5.2 mm in comparison with d = 12 mm.

Additionally, the standard deviations of the OSB and 
HB were higher than those of the other types of panels 
at position A. The stress–displacement curves of some 
panel types at A are shown in Fig.  12. The two pan-
els mentioned above exhibited a high in-to-out plane 
strength ratio and ultimately fractured by the peeling of 
the surface layer, as mentioned in the previous section. 
The panels that fractured based on this mechanism 
exhibited a slower load decrease, thus resulting in an 
RD value with a high standard deviation.

A comparison of the RD values based on the calcu-
lated “strong axis specification—weak axis specifica-
tion” values for the PW and OSB are shown in Fig. 13.
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The values were positive at positions A–C and neg-
ative at positions D and F for both the PW and OSB. 
Along the weak axis, STF occurred more frequently, 
and RD was higher, as described above. Therefore, the 
values were negative at positions D and F. To account 
for the results at positions A–C, it is necessary to 
assume that the vertical stress spreading range is 
important for RD when ESF occurs and that the vertical 
stress spreading range is larger along the strong axis. 
This makes it easier for stress to reach the top end and 
causes earlier fracture of the strong axis. These results 
suggest that the stress spreading range of the strong 
axis was larger vertically and smaller horizontally than 
that of the weak axis. However, this could not be con-
firmed experimentally, necessitating further study.

SMRA method
To quantitatively verify how much each parameter had 
an influence on each characteristic value, SMRA was 
conducted.

The characteristic values with five explanatory vari-
ables are expressed in Eq. 2.

where y is the objective variable, xi is the explanatory var-
iable, ai is its partial regression coefficient, and ε is the 
error.

Five explanatory variables were set as follows: dowel 
diameter d (mm), ratio of the pilot hole ph, ratio of the 
end distance to the diameter e, variable side2 that equals 
1 when the dowel position was D or E and 0 otherwise, 
and variable side3 that equals 1 when the dowel posi-
tion was F or G and 0 otherwise. Additionally, σmax and 
σy were set as the objective variables. Each variable was 
standardized to have a mean of 0 and standard deviation 
of 1 using Eq. 3 before analysis.

where p is the original value, p is the standardized value, 
σ is the average value, and s is the standard deviation.

Supposing that the variable with the upper line indi-
cates that it has been standardized, Eq. 2 can be rewritten 
as in Eq. 4.

Some specimens were fractured during nailing before 
the test was performed, as described previously; there-
fore, those specimens were not included in the target of 
the SMRA.

The partial regression coefficients are representative of 
the influence degree of the parameter on the character-
istic value. Therefore, this value can reveal the dominant 
influencing factor.

Results of SMRA coefficients 
The SMRA results are shown in Table 3. The table shows 
that the p value is below 0.05 if the partial regression 
coefficient exceeds 0.1 or is less than −0.1.
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A comparison of the values of the partial regression 
coefficient is shown in Fig. 14.

As shown in Fig. 14 and Table 3, the overall results of 
σy and σmax are approximately the same, but the disper-
sion varies. Figure 14 and Table 3 indicate that ph had a 
stronger influence on σy than on σmax. They also indicate 
that e, side2, and side3 had a stronger influence on σmax 
than on σy. These results can be interpreted consistently 
by assuming that the stress spreading range increased 
at σmax in comparison to that at σy by stress redistribu-
tion. Based on this assumption, as shown in Fig.  15a, 
the damaged nailed area, which was assumed to grow 
as ph decreased, was not small enough to ignore at 

σy; the stress spreading range widened at σmax, and the 
damaged area narrowed relatively. As a result, ph had 
a stronger influence on σy than on σmax. Similarly, as 
shown in Fig. 15b, even when the end or edge space was 
narrow, it had no effect on σy because the stress spread-
ing range at σy was also small. However, when the 
stress spreading range widened to some extent at σmax, 
the range reached the edge and affected the strength. 
Consequently, the coefficients for σy and σmax differed. 

Table 3 Values of the partial regression coefficient

Bold number indicates that the p value is under 0.05. σy and σmax mean the yield stress and the maximum stress, respectively

PW-s PW-w OSB-s OSB-w PB MDF HB

ad σy −0.31 −0.34 −0.44 −0.44 −0.28 −0.46 −0.39
σmax −0.32 −0.36 −0.56 −0.44 −0.29 −0.51 −0.49

aph σy 0.23 0.32 0.33 0.42 0.50 0.64 0.41
σmax 0.03 0.05 0.19 0.20 0.33 0.56 0.10

ae σy 0.54 0.34 0.19 0.08 0.21 0.11 0.16
σmax 0.74 0.57 0.38 0.28 0.37 0.20 0.37

aside2 σy 0.08 −0.11 0.03 0.07 −0.10 0.11 0.25
σmax −0.02 −0.21 −0.08 −0.08 −0.21 0.10 0.18

aside3 σy −0.08 −0.38 −0.08 −0.31 −0.49 −0.02 −0.07

σmax −0.12 −0.43 −0.21 −0.40 −0.57 −0.04 −0.20
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Fig. 15 Influence of the widened stress spreading range. a is an 
illustration demonstrating that ph had a stronger influence on σy than 
on σmax. b is an illustration demonstrating that the dowel position 
had a stronger influence on σmax than on σy
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However, this cannot be confirmed experimentally, and 
further investigations are needed.

An analysis of the ae  of σmax suggests that e exerted 
the strongest influence on the σmax of the PW and a 
stronger influence on the σmax of the strong axis of the 
PW and OSB than on their weak axis. As described 
previously regarding RD, the strong axis exhibited a 
lower ductility than the weak axis when ESF occurred. 
This is assumedly attributable to the larger spread 
range of vertical stress along the strong axis. Based on 
this assumption, the σmax of the strong specification is 
certainly affected by e. Similarly, the spread range of 
the vertical stress of the PW is the largest among all the 
panel types. However, these conjectures are not con-
firmed, and further investigations are necessary.

Based on a comparison between aside2 and aside3 , the 
overall trends were similar, and the absolute value of 
aside3 was larger than that of aside2 . Additionally, the 
values of aside2 and aside3 of σmax were strongly nega-
tive for PW-w, OSB-w, and PB. In general, a large stress 
spreads horizontally when a compressive stress is 
applied in the direction perpendicular to the grain, and 
the spreading of this stress contributes to the strength 
 [33, 34]. Therefore, it is natural that the weak axis was 
highly influenced by the edge distance. Moreover, the 
PB had low ductility, and STF tended to occur when the 
dowel position was D or F in Table 2. Therefore, the PB 
strength was assumedly susceptible to the horizontal 
stress spread, and these results were consistent.

Conclusion
To obtain the embedment properties of wood-based 
structural panels, an embedment test was conducted 
for specimens PW, OSB, PB, MDF, and HB. Both strong 
and weak axes of the PW and OSB were tested. The 
dowel diameter, pilot hole size, end distance, and edge 
distance were regarded as the test parameters. The 
effects of these parameters on each of the embedment 
properties, i.e., the failure mode, ductility, yield stress, 
and maximum stress, were discussed.

The following findings were obtained regarding the 
failure mode:

– The two main failure modes observed in the tests 
were ESF with sufficient edge distance and STF with 
insufficient edge distance.

– In terms of the ESF mode, peeling of the surface layer 
dominated the HB and OSB specimens, whereas in-
plane tensile or shear failure dominated the PW and 
PB specimens.

– The weak axis was more likely to exhibit STF than 
the strong axis specification.

– In terms of ductility, the following findings were 
obtained:

– When the edge distance was sufficient, the fail-
ure mode was ductile; additionally, the load did not 
decrease until the remaining end distance reached a 
certain value.

– When STF occurred, the ductility was low.
– The ductility was higher at larger dowel diameters.
– The ductility along the strong axis was lower than 

that along the weak axis when ESF occurred. When 
STF occurred, the opposite trend was observed.

– The effects of the parameters on σy and σmax were 
analyzed via SMRA, and the main findings were as 
follows:

– The overall results of σmax and σy were approximately 
the same; however, the pilot hole affected σy more 
significantly than it did σmax, whereas the opposite 
was observed for the end and edge distances.

– A decrease in the embedment strength owing to the 
insufficient end distance length was evident in the 
PW, particularly for the strong axis.

– A decrease in the embedment strength owing to the 
insufficient edge distance length was evident in the 
PB and in the PW and OSB for the weak axis.

– Some assumptions introduced to explain these 
results were as follows:

– The ratio of the in-plane tensile strength to the inter-
nal bond strength determines the final failure behav-
ior.

– The relative stress spread range is smaller when the 
dowel diameter is larger.

– The relative stress spread range is larger at the maxi-
mum stress than at the yield stress.

– The stress generated by the embedment pressure is 
more likely to spread vertically and horizontally in 
the strong and weak axes, respectively.

These assumptions cannot be verified completely based 
only on the current study; hence, further investigations 
are needed. However, this paper is the first to compre-
hensively and systematically discuss the embedment 
properties of wood-based structural panels. The find-
ings presented herein are expected to contribute to the 
diversification of structural designs based on wood-based 
structural panels and to facilitate the development of new 
panels.
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