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Abstract. When a rotational moment is applied to a dowelled joint with a slotted-in steel plate connecting
the beam and the column, the lateral loads at the individual dowels are applied at various angles against the
grain direction. To design the joint or analyze its rotational performance, properties at various angles are
required. The main objective of this study was to create a simulation method for nonlinear load-displacement
relationships at various angles of the loading direction against the grain direction. In this study, lateral load-
ing tests of dowelled joints with slotted-in steel plates at angles of 0�, 15�, 30�, 45�, 60�, 75�, and 90� were
conducted. The load-displacement relationship was measured, and the initial stiffness, proportional limit
load, and yield load were obtained. When adopting Hankinson’s formula for the three characteristics,
the values of n were 1.951, 2.052, and 1.912, respectively. The combined use of two empirical formulas
(Hankinson’s formula and Foschi’s formula) was attempted, and the simulation results agreed well with the
experimental results, which verified the usefulness of the simulation method proposed in this study.
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INTRODUCTION

With the increase in eco-friendly approaches in
construction areas, interest in large-scale timber
buildings has recently increased. A rigid frame
structure using a large-dimensional glulam is a
well-adopted structural method for large-scale
timber buildings. A dowelled joint with a slotted-
in steel plate is a popular connection method used
in the structure. When a moment acts on a dow-
elled joint with a slotted-in steel plate, the joint
deforms, as shown in Fig 1. The vicinities of the
dowels deform. The angle of the deformation
direction against the grain direction is particularly
noteworthy. As indicated by the red arrows in
Fig 1, each dowel embeds to the timber column
at various angles against the grain direction.

Embedment at various angles has also been
observed in other types of dowelled joints with
slotted-in steel plates (Guo and Shu 2019; Shu
et al 2019; Leng et al 2020; Chen et al 2022).

To design a column-beam dowelled joint with a
slotted-in steel plate, the individual lateral resis-
tance at each dowel should be clarified. For
obtaining the lateral resistance at various angles
against grain direction, Hankinson’s equation
(1921) is commonly used. According to the
design manual edited by the Architectural Insti-
tute of Japan (Komatsu 2010), the initial stiffness
Ku and allowable capacity Pu at the angle u were
represented by the following equations:

K5
K0K90

K0 sin
2u1K90 cos2u

(1)

Pu 5
P0P90

P0 sin
2u1P90 cos2u

(2)
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where K0 and K90 denote the initial stiffness at
0� and 90�, respectively. P0 and P90 are allowable
capacities at 0� and 90�, respectively.

To obtain only the characteristics of a column–
beam joint, using Eqs 1 and 2, respectively, is
enough. On the contrary, there are some cases that
need to represent the nonlinear load-deformation
relationship of the joint, scientific mechanical
analysis of the joint, or precise simulation of the
seismic performance of buildings. In these cases,
Eqs 1 and 2 are insufficient. Therefore, the authors
inferred that an equation representing the non-
linear load-deformation relationship is needed.
When investigating past studies on the lateral
resistance of dowelled joints with slotted-in steel
plates, most of them focused on parallel loads
against the grain direction. Although some studies
have conducted mechanical tests with perpendicu-
lar loading against the grain direction (Kawamoto
et al 1992a, 1992b, 1993, Tsujino et al 2001,
Gattesco and Toffolo 2004, Uchisako and
Tokuda 2009), no precise discussion about the
other angles except 0� and 90� was written in
these studies. Xu et al (2022) conducted a lateral
loading test at an angle of 45� against the grain
direction and revealed that the yield load and split-
ting capacity can be predicted using Johansen’s
yielding model and the splitting model written

in EC5 (EN 1995-1-1 2008). However, stating
whether the study sufficiently covered all angles
against the grain direction is difficult because the
loading test was conducted under limited-angle
conditions.

This study conducted the lateral loading test using
dowelled joints with a slotted-in steel plate at var-
ious angles of the loading direction against the
grain direction. The load-deformation relationship
and characteristics were clarified. Additionally,
equational expressions of the nonlinear load-
deformation relationships were attempted using
well-known empirical formulas.

MATERIALS AND METHODS

Joint Specimen

A structural glulam made of Japanese cedar
(Cryptomeria japonica D. Don) was used as the
joint specimen. To manufacture the glulam, a
lamina with a cross-section size of 303 120mm
was prepared. The lamina had a grade of L60 in
Japanese Agricultural Standard (2019), which
means Young’s modulus in bending was 6.0GPa
or over, and the average and lower limit of bend-
ing strength were 30 and 22.5MPa, respectively.
Fifteen laminae were adhered, and the size of the
glulam was 4503 120mm in cross-section and
2000mm in length. From one glulam, seven spe-
cimens were cut such that the angles of the load-
ing direction against the grain direction were 0�,
15�, 30�, 45�, 60�, 75�, and 90�, as shown in
Fig 2. The dimensions of the wood pieces were
120mm 3 120mm 3 330mm. Next, the wood
pieces were divided into two pieces, and the size
of each piece was 120mm 3 55mm 3 330mm.
Finally, two holes with diameters of 21mm and
one hole with a diameter of 12.5mm were cre-
ated, as shown in Fig 2.

The experimental setup for the lateral loading test
is illustrated in Fig 3. An 11-mm-thick steel plate
(upper in Fig 3) was attached to the crosshead of
the testing machine. A pair of wood pieces was
connected to the steel plate using two bolts with
dimensions of 20mm. A 62mm3 62mm washer
was used, and nuts were strongly tightened so that

Figure 1. Deformation at the vicinity of dowels when a
moment acts on a dowelled joint with slotted-in steel plate.
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Figure 2. Joint specimen preparation from a structural glulam.

Figure 3. Joint specimen and experimental setup (unit: mm).
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each piece was in strong contact with the steel
plate. A 9-mm-thick steel plate (lower in Fig 3)
was inserted into the gap between the wood
pieces. As the thicknesses of the two steel plates
were different, there was a gap of 1mm on each
side of the steel plate. Next, a dowel, 11.85mm in
diameter (BX Kaneshin Co., Ltd., Tokyo, Japan,
DP-118), was inserted. The distance between the
bottom of the wood piece and the dowel was
determined to be 84mm, which was derived using
seven times the dowel diameter (Sugimoto and
Kawai 2006). The authors conducted the three-
point bending test separately to clarify the strength
properties of the dowel, and the result revealed
that Young’s modulus was 168.764.9GPa and
yield strength was 600.4612.6MPa, respectively
(see Appendix). When conducting the lateral load-
ing test using a joint specimen with a loading angle
against the grain direction of 15� or more, there is a
possibility of crack occurrence along the grain (see
Fig 5). Therefore, four screws, 8mm in diameter
and 260mm in length (Synegic Co., Ltd., Miyagi,
Japan, PX8-260), were inserted into the wood pieces
to prevent cracks, as shown in Fig 3(a) and (b).

Testing Method

A hydraulic testing machine (Maekawa Testing
Machine MFG Co., Ltd., Tokyo, Japan, IPU-B43)
was used for the lateral loading tests. A 9-mm-
thick steel plate (lower in Fig 3) was connected to
the rigid plate, and an 11-mm-thick steel plate
(upper in Fig 3) was connected to the crosshead.
By moving the crosshead upward, a lateral load
was applied to the dowelled joint with a slotted-in
steel plate. The loading speed was approximately
2.0mm/min, and the test was continued until the
load decreased by 80% of the maximum value
after reaching the maximum load. During the test,
the load was measured using a load cell (Tokyo
Measuring Instrument Laboratory Co., Ltd.,
Tokyo, Japan, TCLM-100kNB, capacity:100kN).
To measure the displacement, two displacement
transducers (Tokyo Measuring Instrument Labora-
tory Co., Ltd., SDP-100, capacity:100mm) were
attached to the 9-mm-thick steel plate, and the tar-
get was attached to the wood pieces. The average
of the read values of the two displacement

transducers was adopted as the displacement in
this test. The replication of the test was set to six;
however, one 90� specimen was fractured during
specimen preparation. Therefore, the 90� angle
was replicated five times. The average and stan-
dard deviation of the density of wood pieces used
in the joint specimens were 402.0621.0 kg/m3.
After the lateral loading test, the MC of the wood
pieces was measured with the oven-dry method,
and the average and standard deviation was
13.360.4%.

RESULTS AND DISCUSSION

Load-Displacement Relationship and
Failure Mode

The load-displacement relationships obtained
from the lateral loading test are shown in Fig 4.
The black line represents the experimental result.
In all specimens, the load increased linearly with
the increment in displacement at the beginning of
loading. When the linear behavior was completed,
the slope gradually decreased. The load where the
slope decreased was different between the angle
conditions; the highest load was observed in the
0� specimens, and the lowest was observed in the
75� or 90� specimens.

Most of the joint specimens maintained their load
after yielding, and the load decreased with frac-
ture. The failure modes are shown in Fig 5. In the
0� specimen (Fig 5[a]), shear failure occurred
below the dowel hole, as indicated by the blue
arrow. When the failure mode of the inside face
(in contact with the steel plates) after disassembly
of the joint specimen, embedment failure was
observed, as shown by the red arrows in Fig 5(a)
and (c). As an example of a specimen with the
exception of 0�, Fig 5(b) and (c) show the failure
observed in the 45� specimen. A crack along the
grain occurred after yielding, as indicated by the
white arrow, and the load rapidly decreased when
the crack occurred. The occurrence of cracks
along the grain depends on the crack prevention
method, which is not a pure property of dowelled
joints with slotted-in steel plates. Therefore, the
discussion regarding the maximum load or
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Figure 4. Load–displacement relationships obtained by the lateral loading test. Black lines show the experimental result, and
red lines show the simulated result as discussed in the section “Equational Expression of Load–Displacement Relationship”.
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ultimate load is not appropriate for the load-
displacement relationships.

Characteristics

The characteristics were obtained from the load-
displacement relationship. The method described
in ASTM D5652-21 (2021) was used herein. This
method is illustrated in Fig 6. First, a straight
line representing linear behavior before yielding
was drawn. To draw the line, linear regression for
the data plots between 0.1Pmax and 0.4Pmax

(where Pmax indicates the measured maximum
load) was conducted, and the initial stiffness K
was determined as the slope of the regression line.
The proportional limit Ppl was determined as the
load at which the load-displacement relationship
deviated from the linear regression line. Next, a
new straight line that was offset from the former
line by an amount equal to 5% of the dowel diam-
eter (0.6mm) was drawn. The yield load Py was
determined as the load at the intersection of the
load-displacement and the offset line.

The characteristics are summarized in Table 1. In
all three characteristics, the values tended to
decrease with the increment of the angle. For the
values of 0� and 15� in the proportional limit
load, and 75� and 90� in the yield load, the

Figure 6. Method for obtaining the characteristics according
to ASTM D5652-21.

Figure 5. Failure mode. (a) and (c) failure on the inside face (contacted face with steel plates) after disassembly of the joint
specimen. (b) The crack occurred along the grain at the end of the loading test. Red, blue, and white arrows indicate embedment
deformation, shear failure, and cracks occurring along the grain, respectively.

Table 1. Characteristics obtained by the lateral test.

Angle

Initial stiffness
(kN/mm)

Proportional limit
load (kN)

Yield
load (kN)

(�) Average SD Average SD Average SD

0 22.56 4.46 13.12 1.90 20.33 1.81
15 19.07 3.06 13.30 2.42 19.95 1.44
30 18.25 3.59 11.93 2.39 17.78 1.99
45 13.89 2.00 11.11 2.16 15.02 1.89
60 13.37 2.56 10.01 1.82 14.32 1.41
75 12.83 2.40 8.98 1.71 13.30 1.64
90 10.78 2.01 9.23 1.41 13.38 0.58
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average of the lower angle was smaller than that
of the other. However, the difference was small,
and they can be considered as almost the same
value.

Hankinson’s formula is commonly used to
express the characteristics at various angles
against the grain direction. Discussing the index
of sine and cosine in the denominator was set
to 2 (Hankinson 1921). In the literature written
by Kollmann and Côt�e (1968), the index was
replaced with a constant value n, which indicates
that the equation was changed to the following:

Vu 5
V0V90

V0 sin
nu1V90 cosnu

(3)

where Vu, V0, and V90 denote the values of the
characteristics at angles of u, 0�, and 90�, respec-
tively. The constant value n is changed owing to
the loading conditions or species. For example,
the value of n was between 1.5 and 2.0 in the case
of tensile strength parallel to the grain, between 2
and 3 in compression strength parallel to the
grain, between 1.8 and 2.3 in bending strength,
and 2 in shear strength (Takahashi 1985). As
examples of the reports related to timber joints,
Chang et al (2006) used n 5 3.1 for Young’s
modulus of compression perpendicular to the
grain. Schneid and Moraes (2021) conducted an
embedment test and reported that the constant
value n of embedment strength became 2.0 when
using the Pinus elliottii sample and 1.5 when
using the Eucalyptus saligna sample.

For dowelled joints with slotted-in steel plates,
the manual (Komatsu 2010) indicates that n 5 2
for the initial stiffness and allowable capacity, as
shown in Eqs 1 and 2. However, there was no

clear evidence for n 5 2. As this study conducted
a lateral loading test with various angles against
the grain, the values of n for the initial stiffness,
proportional limit load, and yield load were vali-
dated. First, the values at the angles of 0� and 90�

were determined. The average values are listed in
Table 1. Next, the value of n was determined
using least-squares fitting. As shown in Fig 7, the
n values are 1.951, 2.052, and 1.912 for the initial
stiffness, proportional limit load, and yield load,
respectively. The figure also shows the curve at
n 5 2 with a blue-dashed line. When comparing
the red and blue lines, it is almost agreed upon,
and it can be considered that n 5 2 in these three
parameters was appropriate.

Equational Expression of
Load-Displacement Relationship

To simulate the load-displacement relationship of
the joint, this study attempted a combination of
two empirical formulas. Foschi’s formula is well
known to represent the nonlinear behavior of tim-
ber joints (Foschi 1974, Foschi and Bonac 1977).
The relationship between load P and displace-
ment d is expressed as follows:

P5 ðm0 1m1dÞ 12exp
2kd
m0

� �� �
(4)

where k is the initial stiffness, m1 is the slope of
the load-displacement relationship at a large dis-
placement, and m0 is the intercept of the asymp-
tote with slope m1. These values were determined
by nonlinear least-squares fitting of experimental
data. Foschi developed this equation to represent
the nonlinear behavior of a nailed joint under lat-
eral loading. Owing to its high versatility, this for-
mula was used to represent various behaviors in

Figure 7. Relationships between angle and characteristics and the result of the adoption of Hankinson’s formula.
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the analyses of timber joints: metal plate joints
(Sasaki et al 1988, Gebremedhin et al 1992), and
partial compression perpendicular to the grain
(Ogawa et al 2016).

As shown in Fig 4, the relationship changed
owing to the angle against the grain direction.
Here, Eq 4 was fitted to these relationships, and
the values of k, m0, and m1 were determined.
However, the fitting failed at some relationships
which fractured soon after yielding (eg three spe-
cimens in Fig 4[c]). These specimens were
excluded from the following discussion. This
study had two initial stiffnesses: K obtained by
ASTM D5652-21 (section “Characteristics”), and
k in Eq 4. As the methods used to obtain the two
were different, this study treated them as having
different characteristics. The determined results
for the three parameters are shown in the round
plots in Fig 8. For the parameters k and m0, the
values decreased with increasing angle (Fig 8[a]
and [c]). Then, regression with Hankinson’s for-
mula was conducted for the two parameters. The
results are as follows:

ku 5
k0k90

k0 sin1:996u1 k90 cos1:996u
(5)

m02u 5
m020m0290

m020 sin
1:830u1m0290 cos1:830u

(6)

where ku, k0, and k90 indicate the initial stiffnesses
at u�, 0�, and 90�. The values of k0 and k90 were
29.2 and 15.5 kN/mm, respectively. m0-u, m0-0,
and m0-90 indicate the values of parameter m0

at the angle of u�, 0�, and 90�. The values of
m0-0 and m0-90 were 24.6 and 14.8 kN, respec-
tively. As shown in Eqs 5 and 6, the index n was

1.996 for the initial stiffness k and 1.830 for
parameter m0.

With respect to parameter m1 (Fig 8[b]), the value
increases with increasing angle. A similar result
was observed in the stress–strain relationship of
the wood under partial compression. When partial
compression parallel to the grain was applied
to a wood specimen, the slope of the load-
displacement relationship after the maximum
strain was almost zero or negative value (Totsuka
et al 2021). In contrast, in the perpendicular direc-
tion, the slope after yielding was positive, even if
the strain became extremely large (Tanahashi and
Suzuki 2020). The reason for the difference seems
to be that the stress and strain spread widely and
the elastic deformation at the indirectly loaded
area (which is called “decay length” in Madsen
et al [1982]) occurs in the case of partial compres-
sion perpendicular to the grain. A similar mecha-
nism can be adopted to express the behavior
observed in Fig 8(b). A linear regression was
used to represent the behavior, and the following
equation was obtained:

m12u 5 0:0025u1 0:0939 (7)

where, m1-u denotes the values of parameter m1 at
the angle of u�. The coefficient of determination
R2 was obtained as 0.322.

The nonlinear load-displacement relationships at
various angle loading directions against the grain
direction can be simulated by substituting Eqs 5-7
into Eq 4. The simulated results are shown as red
lines in Fig 4. All the red lines agreed well with
the experimental results, and the usefulness of the
simulation method varied.

Figure 8. Relationships between angle and parameters in Foschi’s equation and the result of adoption of Hankinson’s
formula.
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CONCLUSIONS

In this study, a lateral loading test was conducted
using dowelled joint specimens with slotted-in
steel plates at various angles of the loading direc-
tion against the grain direction. The initial stiff-
ness, proportional limit load, and yield load at
various angles were determined, and their values
decreased with an increase in angle. When adopt-
ing Hankinson’s formula for the three characteris-
tics, the values of n were 1.951, 2.052, and 1.912,
respectively. The result provided academic evi-
dence for n 5 2, which is widely used in the
design of dowelled joints with slotted-in steel
plates. The main objective of this study was to
create a simulation method for nonlinear load-
displacement relationships at various angles of
the loading direction against the grain direction.
The combined use of Hankinson’s formula and
Foschi’s formula was adopted, and the simulation
results agreed well with the experimental results.
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APPENDIX

The bending properties of the dowel were investigated
using a three-point bending test. The experimental setup
is illustrated in Fig 9. A universal testing machine (Shi-
madzu Co., Ltd., AG-I 250 kN) was used for testing.

The span L was set to 100mm. A constant loading ratio
of 2.0mm/min was applied. During the test, the load
was measured using a load cell (Shimadzu Co., Ltd.,
SFL-50kNNAG, capacity: 50 kN), and the deflection at
the center of the span was measured using a displace-
ment transducer (Tokyo Measuring Institute Laboratory
Co., Ltd., SDP-25, capacity: 25mm). The bending test
was repeated four times. The load-deflection relation-
ships are shown in Fig 10. Young’s modulus and yield
strength were obtained from these relationships. First,
the slope, D, at the elastic range was obtained. Here, the
slope was obtained by adopting the least-squares
method on the data plots in the range of 0.2–0.5 Pmax,

where Pmax was the maximum load. Using the slope D,
Young’s modulus Edowel was calculated using the fol-
lowing equation:

Edowel 5
4L3

3pd4
D (8)

where d denotes the diameter of the dowel (11.85mm).
The yield strength ry-dowel and the yield load Py-dowel
were determined. According to the standard edited by the
Architectural Institute of Japan (Kawai 2006), the method
was the same as that for the joint specimen (Fig 6); the
load at which a line offset from the straight line fitted to
the elastic range of the load-deflection relationship by an
amount equal to 5% of the dowel diameter (0.06mm)
intersects the load-deflection relationship. The yield
strength ry-dowel was calculated using the yield load
Py-dowel as the following equation:

ry�dowel 5
3L
2d3

Py�dowel (9)
Figure 9. Three-point bending test with the dowel.

Figure 10. Load–deflection relationship obtained by the
bending test with the dowel.
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