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Development of a joint system using a compressed wooden fastener II: 
evaluation of rotation performance for a column-beam joint

Abstract In the present study, a plate and a doweled fas-
tener made of compressed wood (CW) were newly intro-
duced into a moment resisting column-beam joint system 
for a small portal frame structure. A mechanical model that 
contains not only an axial spring, but also a rotational 
spring, considered resistant factors to verify how each 
element resists rotation. Theoretical performance was com-
pared with experimental data. Consequently, the mechani-
cal model was shown to be suitable and the combination of 
resisting factors was found to be very effective; i.e., the 
rotational spring provides more infl uence on the stiffness 
and moment compared with the axial spring. Large moment 
and ductility can be achieved by virtue of the high embed-
ding performance of the CW plate in the rotational spring, 
accompanied with the high shearing performance of the CW 
dowel in the axial spring.

Key words Moment resisting joint · Semirigid portal 
frame · Axial spring · Rotational spring

Introduction

The importance of the semirigid portal frame is increasing 
with the demand for more spacious accommodations in 
Japanese residential houses constructed of wood. The 
moment resisting joint system is important because the 
moment resisting joint is the only moment resisting factor. 
Many kinds of steel fasteners have been used in the moment 
resisting joint system because of high strength and 
reliability.
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Now, many trials on portal frame structures are being 
conducted, aiming to reduce the use of steel fasteners with 
keeping a high moment carrying capacity, because steel 
may have several disadvantages such relatively high energy 
consumption in production, heterogeneity, disharmony 
with timber, rust problems, and so on when used in conjunc-
tion with timber structures. These considerations have ener-
gized research into the development of new joint systems 
composed with fasteners using environmentally friendly 
natural composite materials.1

With this trend, compressed wood (CW) was introduced 
as a fastener in a joint system.2–4 Compressed wood may be 
suitable for use as a fastener in locations where severe stress 
concentration occurs, by virtue of its advantageous material 
properties and high density. The potential of a newly 
designed column-sill joint system using a CW fastener was 
verifi ed, and the rotational spring effect by a CW plate is 
much higher than the dowel effect, as shown in a previous 
report.5

In the present research, a new column-beam joint design 
based on previous results3,5 was suggested, as a moment 
resisting joint system for a semirigid portal frame system. 
Specifi cally, a mechanical model was developed and com-
pared with experimental results to optimize the design. The 
ultimate goal of the present project is the development of 
a metal-free, eco-friendly timber joint system for use in 
Japanese residences.

Theory

The design of a column-beam joint using a compressed 
wooden plate and a dowel is shown in Fig. 1. The basic 
concept for good performance of a CW plate and a dowel 
is similar to that of the column-sill joint.5

As the rotational resisting factor for the joint, two CW 
plates (total, four plates) are located on the upper and lower 
border areas of the beam because high rotational perfor-
mance could be expected,5 and dowels are driven into the 
center of each CW plate to fi x the CW plate to the column 
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and beam. Two rotational areas by CW plates are 
more effective than that of one area because the rotational 
spring effect by a CW plate is much higher than the dowel 
effect.

This type of joint method can be expected to have two 
resisting factors against the rotational moment of the entire 
joint (Fig. 2). In the fi rst type, two differently positioned 
CW plates act as axial springs through the shearing resis-
tance of the dowel for tension and compression caused by 
joint rotation. In the second type, the rotational springs 
generated by the contact stress between each joint member 
satisfy the equilibrium of force perpendicular to the CW 
plate axis at each part of the joint. Because the embedding 
performance of CW is much higher than that of normal 
wood, by virtue of the exponential increase in the material 
property in accordance with the compression ratio, this is a 
type of effect by embedding resistance11,12 and can be 
expected to have a high infl uence on the rotational behavior 
of the joint.

Balanced with the shearing and embedding performance 
of the dowel between the CW plate and the base member 
in these two resistance factors, this joint can be expected to 
achieve not only high strength but also high ductility by 

appropriate design. The relationship between the two types 
of springs for the rotational moment of the entire joint can 
be expressed as the total of two different moment compo-
nents by the following equation:

M M M R RJoint A R A R J= + = +( )θ  (1-1)

where MA is the moment derived from the axial spring, MR 
is the moment derived from the rotational spring, and θJ is 
the rotational angle of the entire joint.

Stiffness

Moment derived from axial spring

The mechanism of the moment–rotation relationship from 
axial springs is similar to the semirigid column-beam joint 
drawn with tension bolts.6 Since the CW plate is fi xed by a 
CW dowel at each area, the factors resisting axial force in 
the longitudinal direction are the tensile resisting factor (Ta) 
of the CW plate on the tensile area, the compressive resist-
ing factor (Tb) of the CW plate, and the embedding resisting 
factor (ΣN) between the column and the beam on the com-
pression area.

If λ is assumed to be the distance from the edge of the 
beam to the rotational center of the compression area, the 
equilibrium of force can be expressed by the following 
equation:

T N Ta b+ =∑  (1-2)

The tensile and compressive stiffness (KT) of the CW plate 
between the column and the beam is thought to be the 
combination of axial springs arranged in series derived from 
the shearing resistance of the CW dowel on two areas, 
assuming that there is no tensile or bending deformation on 
the CW plate.
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The deformation (δT) by the tensile force of the CW plate 
for base-members can be obtained by the following 
equation:

δT
b

T
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K

 (1-4)

Based on the geometric relationship between upper and 
lower CW plates, the following equation is obtained:
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Equations 1-2 through 1-5 can be used to express the resist-
ing forces for each resisting factor as follows:
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Fig. 1. Column-beam joint

Fig. 2. Two types of springs
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Substituting Eq. 1-6 into Eq. 1-2 yields the following 
equation:
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and the length to the rotational center (λ) can be calculated 
as follows:
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Thus, moment (MA) and stiffness (RA) derived from the 
axial springs can be calculated by substituting the input 
factors mentioned in the above equations into the following 
equations:
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Moment derived from the rotational spring

Each CW plate works independently as a rotational spring 
at each position by the cooperative work of the shearing 
resistance of the dowel and the embedding resistances of 
the CW plate.

This mechanism of force delivery is similar to that 
reported in a previous paper.5 However, the resisting factor 
of contact between the CW plate and the beam must be 
added in this case.

First, the rational moment at each position is given by 
the following equation by considering the slope of the 
moment on the beam:
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(2-1)

where MR1 and MR1 are moments of CW plate-1 and CW 
plate-2 derived from the rotational spring on the entire joint 
area, Mbh1 and Mbh2 are moments of CW plate-1 and CW 
plate-2 derived from the rotational spring on the beam area, 
and Mch1 and Mch2 are moments of CW plate-1 and CW 
plate-2 derived from the rotational spring on the column 
area. Here, it was assumed that there is no bending or shear-
ing deformation on the CW plate.

Stress and deformation angle are correlated as follows:
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where θb1 and θb2 are the rotational angles of CW plate-1 
and CW plate-2, respectively, on the beam area, and θc1 and 
θc2 are the rotational angles of CW plate-1 and CW plate-2, 
respectively, on the column area.

Beam area

Resisting factors by CW plate-1 against the rotational 
moment on the beam area are the shearing resistance of the 
dowel and the embedding resistance between the CW plate 
and the beam, which can be expressed as follows8,9:
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where np is the number of CW plate at each area, Kb90p90d90 

is stiffness of dowel for each direction, and E(Beam90) is 
embedding stiffness at beam area.

Here, the tangential Young’s modulus of CW with a 
compressed ratio of 62% is fi ve times higher than that of 
normal Japanese cedar.7 Moreover, the height of the CW 
plate is one-third that of the beam. Thus, the embedding 
deformation of the CW plate can be ignored.

To determine the direction of Qb1, two situations are 
considered as Xp1 ≥ is larger or smaller than hbe (Xp1 ≥ hbe or 
Xp1 ≤ hbe).

The equilibrium of the stress and the moment for CW 
plate-1 on the beam area yields the following equations:
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(2-5)

By substituting the former equation into the latter equation 
in Eqs. 2-4 and 2-5, the following cubic equation can be 
obtained:
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By substituting cubic Eq. 2-6 into the following equation, the 
distance to the rotational center (Xp1’) can be calculated:
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Thus, stiffness (Rbh1) for plate-1 can be expressed by the 
following equation:
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The resisting mechanism of CW plate-2 for the rotational 
moment is slightly different from that of CW plate-1. CW 
plate-2 reacted in full compression for the beam area, 
whereas CW plate-2 reacts in partial compression for the 
beam area. These two different positions of the CW plates 
are reversed upon embedding for the rotational direction. 
To determine the direction of Qb1, the two situations con-
sidered for plate-1 are also considered for plate-2.
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where np is the number of CW plates for each area, Kb90p90d90 

is stiffness of the dowel for each direction, and E(Plate90+Beam90) 
is the embedding stiffness for the beam area.

The equilibrium of the stress and the moment for CW 
plate-2 on the beam area yield the following equations:
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Substituting the former into the latter equation, the follow-
ing cubic equation can be obtained:
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By solving cubic Eq. 2-12 for Xp2 in the same way as for 
CW plate-1, the distance to the rotational center (Xp2) 
can be calculated with the factors shown in the following 
equation:
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Thus, the stiffness (Rbh2) of plate-2 can be calculated as 
follows:
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Column area

First, it was assumed that two differently positioned 
CW plates at the joint have the same rotational moment on 
the column area. The rotational stiffness by the shearing 
resistance of the dowel and the embedding resistance of the 
CW plate on the column area can be calculated by modify-
ing the mechanical model proposed in part 1 of this 
research.5

Each rotational center (XP) of two differently positioned 
CW plates on the column area can be calculated by the fol-
lowing equation:
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The combination (E(plate90+Column0)) of the embedding stiffness 
of the CW plate and the column can be calculated b y the 
following equation:7
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Each stiffness (Rch1, Rch2) of the two differently positioned 
CW plates on the column area can be calculated by the fol-
lowing equation:
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where μ (= 0.35) is the coeffi cient of friction between the 
CW plate and the column.11

Yielding moment

Yielding of the entire joint is thought to be determined by 
the yielding of each of the two different types of parallel 
springs. The yielding moment (My-A) derived from the axial 
spring will be decided by the yielding caused by the shearing 
of the dowel at the CW plate of the tensile area. In addition, 
the yielding moment (My-R) derived from the rotational 
spring will be decided by the yielding of the shearing and 
embedding of the dowel between the beam and the CW 
plate and between the CW plate and the column. The two 
yielding points (My1, My2) of the joint were determined by 
summing the two yielding points (My-A, My-R) of the spring. 
Here, to avoid doubling the yielding moment of the CW 
dowel, only the yielding for the axial spring was considered. 
Hence, only yielding by embedding was considered for the 
moment derived from the rotational spring.

Yielding moment derived from the axial spring

The yielding strength (Py-A) of dowel shearing at two areas 
due to axial force can be calculated by the following 
equation:
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where Py(b0p0d0) and Py(b90p0d0) are the yielding strengths of 
dowel for each direction.

When the tensile force (Tb) for the CW plate reaches the 
yielding point of the shearing of the dowel, the joint is 
assumed to yield. At this time, the yielding angle (θy-A) and 
moment (My-A) derived from the axial spring can be calcu-
lated by the following equation:

M R
P

K l
Wy A A y A y A

y A

T

− − −
−= ⋅ =

− −⎛
⎝

⎞
⎠

θ θ
λ

,

2  

(4-2)

Yielding moment derived from the rotational spring

In the determination of the yielding moment (My-R) 
derived from the rotational spring, yielding by the shearing 
of the dowel as a result of the force perpendicular to the 
plate axis direction on each area and embedding at 
the column area were considered. The lowest value of 
the moment calculated in this manner is defi ned as the 
yielding moment derived from the rotational spring as 
follows:

M M M M My R y d Beam y d Column y CW y Column− − ( ) − ( ) − −= [ ]min , , ,  (4-3)

Beam area

When the shearing force of the dowel at the most distant 
point from each rotational center (XP1, XP2) reaches the 
yielding strength (Py-d(Beam)) of the dowel on the beam area, 
the yielding angle (θb1y-d(Beam), θb2y-d(Beam)) for each differently 
positioned plate can be calculated by the following 
equation:
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Here, it is assumed that no splitting occurs in the base 
member of the CW plate.

Thus, the yielding moment (My-d(Beam)) on the beam area 
can be calculated using lower value between differently 
positioned CW plates, while considering the moment arm 
and the rotational angle between the beam and the column, 
as shown in the following equation:
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Column area

The determination of the yielding moment on the column 
area is performed by a procedure similar to that for the 



123

case of the beam, but there is no difference in resistance 
among differently placed CW plates. The yielding moment 
(My-d(Column)) for each plate on the column area can be cal-
culated by the following equation:

M R
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By d Column S y d Column y d Column
y d Column

− ( ) − ( ) − ( )
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The yielding moment (My–CW) generated by embedding 
the CW plate in the column can be calculated according to 
Inayama’s theory8:
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The yielding moment (My-Column) generated by the embed-
ding of the column can be calculated by the following equa-
tions (Eq. 4-8)5:

M R
n tX F

N Ny Column R y Column y Column
P P C S

− − −= ⋅ =
+( )

θ θ θ
,

2 2 3

 (4-8)

where Fc = 60.68 ρ and ρ is density of wood. The compres-
sive stress is assumed to have a triangular distribution.

Experimental methods

CW plates of 420 mm × 80 mm × 15 mm and dowels of 
diameter 12 mm (Ø) having different parameters were 
used. The construction method and material properties of 
CW fasteners were the same as those was described in a 
previous report.5 Four plates and six, eight, and ten dowels, 
respectively, were used on each parameter, and three speci-
mens were prepared for each.

Each parameter was determined by the number of 
dowels, as shown in Table 1 and Fig. 6.

For the base member, two types of Japanese cedar 
glulams, which grade is 6 GPa in Young’s modulus, 225 MPa 
in modulus of rupture (MOR) were used for the column 
(120 mm × 120 mm × 1200 mm) and the beam (120 mm × 
240 mm × 700 mm), respectively.

Fig. 3. Single column-beam joint for rotational moment

Fig. 4. Mechanical stress algorithm of two areas for the moment 
derived from the rotational spring (left, beam area; right, column 
area)

Table 1. Parameters for the column-beam joint for the rotational test

Specimen Dimension Number of dowels

Column (mm) Beam (mm) Panel (mm) Dowel (ϕ) Column Beam

RCP4B4C2
120 × 120 × 1200 120 × 240 × 575 80 × 580 × 15

12 4 2
RCP4B6C2 12 6 2
RCP4B6C4 12 6 4

Fig. 5. Making and assembling process for column-beam joint: cutting (A), assembling (B); making hole (C); inserting dowel (D)
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The construction and assembly process of the joint is 
shown in Fig. 5. A groove and a square hole were cut in the 
base members in advance using a mortiser. The joint was 
then assembled by inserting the CW plate. Finally, round 
holes were made using a drill from outside the joint, and a 
compressed dowel was then driven into each hole.

Figure 7 shows the experimental apparatus of the rota-
tion test for the column-beam joint. For evaluating the per-
formance under the rotational moment (M), a quadratic-link 
steel frame, which is connected by a steel pin having a 1000-
mm span, was used. Each specimen was set up on the frame 
and was jointed with a steel pin (Ø, 22 mm), as shown in 
Fig. 7.

Fig. 6. Joint parameters
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Fig. 7. Apparatus for the rotation test of the column-beam joint
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The rotational deformation of the joint was applied by 
this steel frame, which was controlled by a hydraulic actua-
tor. The loading schedule was determined through a step 
displacement with angles of the steel frame of 1/300, 1/200, 
1/150, 1/100, 1/75, 1/50, 1/30, and 1/15 rotational angle (rad) 
(transducer, DTP-500S) as shown in Fig. 8. At each step, 
three loading cycles were applied. The relative displace-
ments between the plate and each member were measured 
by displacement transducers (CDP-25 and CDP-50) for 
estimating accurate rotational angles with the correspond-
ing applied load measured by a 50-kN load cell.

Results and discussion

Figure 9 shows the moment versus the rotational angle 
response curves for all types of joints. Table 3 lists experi-
mental values obtained by a perfect bilinear approximation 
in comparison of those calculated by mechanical model with 
each factor shown in Table 2.

In Fig. 10, the stiffness (RA, RR) and the yielding moment 
(My-A, My-R) calculated by the mechanical model for each 
moment derived from the axial spring and the rotational 
spring are shown separately, and the total stiffness (RA + 
RR) and yielding moment (My1, My2) of the entire 
joint obtained by superposing two factors were compared 
with the experimental envelope curve averaged for three 
specimens. Satisfactory agreement was obtained in each 
case.
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Table 2. Parameters for calculating by mechanical model

Double shear property of dowel Compression property Coeffi cient 
of friction

Density
(g/cm3)

Stiffness (N/mm) Yielding strength (N) Elastic modulus (N/mm2) Yielding 
(N/mm2)

Kb0p0d0 Kb90p90d90 Kb90p0d0 Kb0p90d90 Pyb0p0d0 Pyb90p90d90 Pyb90p0d0 Pyb0p90d90 E(CW90) E(Cedar90) E(Cedar0) Fm-CW μ ρ

3145 3519 2216 3470 5296 4166 4581 5619 1000 240 6000 45 0.35 0.33

Table 3. Comparison of calculated and experimental values

Specimen Calculated values Experimental values

Rmodel(kNm/rad) My1-model(kNm) My2-model(kNm) Rexp(kNm/rad) My-exp(kNm) Mmax(kNm) E(Nmrad)

RCP4B4C2 246.8 5.2 6.1 258.9 5.9 10.0 432.4
RCP4B6C2 252.5 5.3 6.2 281.1 5.9 10.5 460.2
RCP4B6C4 284.2 7.2 7.3 313.7 7.3 11.9 471.5

R, Initial stiffness; My, yielding moment; Mmax, maximum moment; E, energy
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Fig. 9. Moment versus rotational angle (rad)

Fig. 10. Comparison of experimental and calculated values for each area column-beam joint

The stiffness of the rotational spring was 3.1, 2.9, and 
1.9 times higher than that of the axial spring for the 
RCP4B4C2, RCP4B6C2, and RCP4B6C4 specimens, 
respectively; this is because the effect by embedding resis-
tance11,12 was effective due to the high compressive modulus 
of the CW plate.

The initial yielding was caused by the axial springs with 
the shearing of the dowel in the column area, and the sub-
sequent yielding was caused by the rotational springs 
followed by the embedment yield of the CW plate at the 
column area.

The yielding moment (My-R) derived from the rotational 
spring is much higher than that (My-A) derived from the 
axial spring, which comprised 79%, 78%, and 66% of the 

yielding moment of the entire joint for the RCP4B4C2, 
RCP4B6C2, and RCP4B6C4 specimens, respectively. Thus, 
the axial spring was verifi ed to give a supplemental effect 
for the yielding moment of whole joint. Large moment and 
ductility can be achieved in this process and provides a 
slight improvement in the moment carrying capacity. The 
performance of the entire joint, except for the RCP4B6C4 
specimen, showed high ductility by virtue of the high defor-
mational capacity of the CW dowel upon shearing.

Figure 11 shows each type of specimen at 1/10 rad. The 
RCP4B4C2 and RCP4B6C2 specimens are ductile until 0.1 
rad. However, the RCP4B6C4 specimen failed relatively 
early in bending and split from the region at the column 
area in which the dowel was inserted. Therefore, it is thought 
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that a larger column is necessary to achieve better perfor-
mance for the design of the RCP4B6C4 specimen.

Conclusion

In the present study, the rotational performance for 
the column-beam joint using CW fasteners was evaluated. 
The major conclusions of the present study are as 
follows:

1. To clarify the mechanism of this type of joint, a new 
mechanical model was developed that considers axial and 
rotational springs separately, and this was compared with 
experimental results.

2. The rotational behavior of the entire joint observed in an 
experiment was in good agreement with analytical esti-
mates. Consequently, the mechanical model was found to 
be suitable.

3. The stiffness and moment derived from the rotational 
spring were dominant compared with those derived from 
the axial spring.

4. The moment carrying capacity of this joint is very effec-
tive because the rotational spring works in a manner 
similar to the effect by embedding resistance,11,12 with 
high compressive mechanical properties of the CW plate, 
assisted by the shearing performance of the CW dowel, 
which acts as an axial spring.
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