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Abstract Compressed wooden plates and dowels were used
to connect members in post-and-beam structures as a sub-
stitute for a steel fastener. In order to take advantage of the
characteristic properties of compressed wood and to achieve
optimum joint performance, two compressed wooden plates
were used in each joint to give multiple shear planes for
each compressed wooden dowel. Consequently, this type of
joint showed very good properties in pull-out and moment-
rotation performance, and its engineering design could be
further optimized. This joint is expected to be introduced
to many kinds of structural systems, including long-span
frame structures made of domestic timber found in
Japanese residential houses.

Key words Post-and-beam structure - Compressed wood -
Pull-out - Moment rotation - Long-span frame

Introduction

Compressed wood (CW) was developed for effective utili-
zation of low-density material such as Japanese cedar, which
is relatively abundant in Japan, and has been gradually
introduced as a joint material in Japanese post-and-beam
structures.”” CW may be suitable for use as a fastener in
locations where severe compression or shear stress concen-
tration occurs, by virtue of its high material properties and
because it can be produced with high densities. Moreover,
as reported previously, its characteristic good performance
in double shear perpendicular to the grain gives it high
potential as a shear dowel.’

Therefore, a CW plate-and-dowel-type fastener was sug-
gested to achieve a perfectly natural wood-to-wood joint
system against the background of developing an eco-friendly
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post-and-beam structure with high performance. This
research evaluated pull-out and rotation performance for a
CW plate-and-dowel-insertion type of column-sill joint. In
detail, a mechanical model for this type of joint was pro-
posed and compared with experimental results with the aim
of developing optimum design. The ultimate goal of this
research was to use a metal-free, eco-friendly timber joint
system in Japanese residential houses.

Theory

In the design concept, in order to take advantage of the
characteristic properties of CW, two insertion-type CW
plates were proposed.’ This is because, first, making a CW
thin plate is relatively easy, and, second, it gives multiple
shear layers for each compressed dowel as shown in Fig. 1.
Moreover, in this type of joint system the dowel’s position
of sill area can be shifted farther toward the bottom side
than in a conventional mortise and tenon joint, because the
shear strength of the CW plate in the radial (Ly) plane is
almost three times that of normal Japanese cedar wood.
Consequently, this will give good performance not only for
pull-out but also for rotation. In addition, brittle failure on
the sill area seems unlikely, because the CW dowel has suf-
ficient ductility.

Pull-out model

Two types of springs for pull-out of the CW column-sill
joint can be assumed, which represent the shear resistance
of the dowel on the column given to CW plates, and that
on the CW plate given to the sill. Hence, stiffness of the
joint as shown in Fig. 2 can be expressed by Eq. 1.

Koo = Kcotumn  Ksin
Joint — K %
Column 1 Ksill

Q)

Kcotumn=nc np-Kyopodo,  Ksin= s -1p - Kpgopodo,
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Fig. 1. Design concept for column-sill joint

Fig. 2. Spring model
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where n. and ng are the number of dowels, n;, is the number
of plates, and K4 and Kygg represent the stiffness of
dowel in each direction.

Shear deformation and yielding will mainly occur on the
sill area, because dowel shear strength parallel to the grain
direction of the column and the CW plate is stronger than
that perpendicular to the grain direction of the sill when at
least the same number of dowels are inserted on the column
area. Thus, the yield model was considered only on the sill
area. This was calculated by modified european yield theory
(EYT) expressed by Eqgs. 2 and 3 based on our previous
report.'”

P,=np-C-Fj-d-t

Czﬁlﬁ'
t

@
3)

where F7, is min[F,, F,], Kk = S,/F,,, F, is the embedding
strength of plate, F, is the embedding strength of dowel, and
Sy is the shear strength of dowel perpendicular to the
grain.

A CW dowel with its annual ring radial to the loading
direction has only yield mode VI as shown in Fig. 3, in which
yield occurs not by bending but by shear on the dowel.

Fig. 3. Yield mode

Mode-1V

Thus, the yielding strength of the CW-dowel type of joint,
which has multiple shears, can be easily estimated."”

Rotational model
Stiffness

The CW-dowel type of joint has very complex behavior in
rotational performance, because the CW plate, which is
connected between the column and the sill area, is fixed by
CW dowels in each area. When a rotational moment is
applied to the CW column-sill joint, resistance and defor-
mation can be thought of as being divided into two areas,
which are the column area and the sill area. In both parts,
relative deformation against CW plate is considered. Fur-
thermore, horizontal and vertical directions are considered
separately.

Whole deformation against the rotational moment
depends on correlative balance between these two areas.
Two factors can be expected: shearing resistance by the
dowels, and embedding resistance between each member
on the joint. Rotation center, stiffness, and deformation
angle on each area will be changed by balance between
these resistance factors. In order to simplify the mechanical
behavior model, we divided each resistance factor on each
area for the horizontal (Fig. 4) and vertical (Fig. 5) direc-
tions on rotational moment. First, the relationship between
moment and deformation on each area for the whole joint
is shown in Eq. 4

“4)

H
My=|——|Mc=Ms, 0;=0:+0
J(H—hjc o’

where M,, M., and M, are rotational moments for whole
joint, column area, and sill area, and 6}, 6., and 6, are defor-
mational angles for whole joint, column area, and sill area.
Each moment for the horizontal and vertical directions is
shown in Eq. 5

Mc=Mcu+Mcy, Ms=Mgy+ Mgy (5)

where, My and M, are rotational moments for horizontal
and vertical direction on the column area, and Mg, and My,
are rotational moments for horizontal and vertical direction
on the sill area.
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Fig. 4. Horizontal direction. X; and X7} are distances to each center on
two rotational areas. Deformation model and assumption for equilib-
rium of force on Horizontal direction
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Fig. 5. Vertical direction. Y, and Y7} are distances to each center on
two rotational areas. Deformation model and assumption for equilib-
rium of force on Vertical direction

Horizontal direction: column area

Moment resistance for the horizontal direction on the
column area is caused by shear resistance (Q¢;, O, and
Q¢) by each CW dowel. These shear resistances can be
expressed by Eq. 6
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’ ’ ’ ’ h
Oc1=A{(heq—Xp)O0c, Qcr=4; (XP—%djec, (6)
Ocs = A Xpbc
where Af = nHCdlnPKb90p9Od90’ A; = nHCd2nPKb9Op90d90’ Ny and
Hycq are numbers of dowel on each position [rycq = 2, Pyca
= 0 (total number on the column is 4), nycq = 2, Pyce = 2
(total number on the column is 6)], and Kig0a9 1 stiffness
of dowel for each direction.

Equilibrium of horizontal shear forces and that of
moment at the center of the sill give Eq. 7
P+0ci=0c+ Q(;?’ (7)
PH +bQci~( b+ )0cs - (b +h)Qcs=0

where bzhce+%. Substituting Eq. 6 into Eq. 7, Eq. 8
for rotational center (X3) on the column area can be
obtained.

2heq (A7 + A3)(H =)~ hay A (®)
4(2A{+A3)(H -D)=2h4(A5+2A7)
Moment (M) and stiffness (Rqy) for horizontal direction
on column area are expressed by Egs. 9 and 10.

’

P=

’ ’ h
MCH=(hcd—XP)Qc1+(XP—

;d )ch + XpQcs )

’ ’ ’ ’ hC 2 ’ ’
RCHzAl(hcd_XP)2+A2(XP_ ;) +A[XE (10)

Horizontal direction: sill area

In the horizontal direction, we can presume first that load
(P) is delivered from the column to the CW plate by shear-
ing of dowel, and, second, that it is redelivered into the sill
through the CW plate. Assuming this load transmission
mechanism, we took the same approach as in the case of
the column for estimating horizontal moment on the sill.
Moment resistance for the sill area consists of shearing
resistance by the dowels (Qg, and Qg,) and embedding resis-
tance (N,, N,, and N,) between the CW plates and the sill.
Here, N; is resisting force by the additional length effect on
the CW plate, which depends on Inayama’s theory.” These
can be expressed as Eqgs. 11

Os1= A(01 = Xp) s, Osy = A3 | Xp — 01|65,
(szaz) or (ngaz)

. . (11)
N1:§a3(ZO—XP)2 95, NZZEO%XPzeS’ N3:§a3WXPGS

where A| = nygq - np - Kb0p90d90’ A, = nygg -

ZO + hsd ZO - hs
= y (xz =

2 2
number of dowels on each position, and Kygoas is the stiff-
ness of dowel for each direction.
Combination of embedding stiffness of CW plate and sill

can be calculated by Eq. 12’

np - Kb0p90d90’

d .
(041 , 0 =1p - 1+ K piaeonssitioy Misa 18 the

K (prate90) Ksiio
K (plateoossilo) = —(Fate) _SI0). (12)

K (plates0) + Kisiino)
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Eicwso) » K(sinoy = M. We assume
w 31.6+10.9-¢
that reaction force V of applied force P acts on the column-
side rotational center X}. Here, rotational center (X;) on
sill area might be changed due to balance of embedding and
shearing resistance; therefore, we considered both cases of
X2 o, and X £ 0.
Equilibrium of horizontal shear forces at the sill area
gives Eq. 13

V+0s1+Ni=0s:+ Ny + N3(Xp2 ),

S 13
V+Q51+Qsz+N1=N2+N3(XPsa2),Xp=9_2 (13)
S

where K (piaic00)=

Equilibrium of moments gives Eqgs. 14
1 1 1
g(ZO_XP)N1+E(ZO_hSd)QSl _E(Z(J"'hsd)QSZ_

(ZO_%XP)NZ—ZONﬁOMV=0(XP20‘2)’

(14)
1 1 1
g(ZO_XP)Nl‘I'E(ZO_hSd)QSl +E(Zo+hsd)Q82_

(ZO—%XP)NZ—Z()N:; +OC4V =O(XPS (Xz)

where oy = Z, + h,, + hyy — X5. By substituting Egs. 11-13
into Eqs. 14, Eq 15 for rotational center (X;) on the sill area
can be obtained.

3A10€1 (ZO - hsd - 20{4 ) + 3A20€2 (ZQ + hsd - 2064 ) +
032y (Zy —30)
40{3W(Z() - 054) + 305320 (ZO - 20{4)

(15)

sz

Moment (Mg;) and stiffness (Rg;) for horizontal direction
on the sill area can be expressed as Egs. 16 and 17.

Mgy = (0~ Xp)Os1 +|Xp— 02| Os;

+%053(ZO—XP)N1+§OC3XPNZ+XPN3 (16)
1
Rsy= A1(051—XP)2+A2(XP—052)2+§053(ZO—XP)3+
%ogxf,%%wxl% (17)

Vertical direction

For the vertical factor, the same analytical approach as
taken in the case of the horizontal direction was used.
Firstly, vertical shear resisting forces (Vp, and Vp,) and
embedding resisting forces (C; and C3) on the column area
are expressed by Egs. 18. C, is also resistance by the addi-
tional length effect on the sill area, which depends on Inaya-
ma’s theory.>® Embedding resistance between column and
sill was assumed to act separately in each area.

Vear=B'(Bi—Y$)0c, Vear=B'(Ys—B5)0,

’ 1 /7 7 7 2 /7 ’ (18)
Ci= §ﬁ3YP29c, Cy= §ﬁ3ZOYP9C

Wty g W—Wy
) =

7 ’
where B’ = nyep - 1, Kigpoaos Bi= 5 )

B = (T —np-t) Ey
3 2

position, and Ky, is stiffness of dowel for each
direction.

Shear-resisting forces on the sill area can be expressed
by Egs. 19

VSdl le(ﬁl - YP)GS’ ‘2/Sd2 = B(YP - ﬁz)es,
C,= 5ﬁ3szes, Ca =3 BsZoYebs

, Nycq 18 the number of dowels on each

(19)

W+W, W-W,
where B = nygq - np - Kopoa0s Bi= ) d, Bo= ) d?
T—-np-t)E
ﬂ3=(n;¢, ngg and ngy, are numbers of dowel at
0

each position, and Kiq is the stiffness of dowel for each
direction.

Equilibrium of shear forces gives Eqs. 20.
Vear= Ve + Cl+C5, Veqi = Vsgp + C1 + C, (20)

Substituting Eqs. 18 and 19 to into Egs. 20, we could obtain
Eq. 21 for each rotational center (Y} and Y3)

) \/23'(,3;+ﬂ§) (2[3§ZO+6B’)2 2,7, + 6B’
sz + -

B; 365 B o
" \/23([31 +5) +(2ﬁ3ZO+6Bj2 2BsZy+6B
’ B3 3p; 3B

Rotational center (C;) between the column and sill can be
calculated by Eq. 22 if it is assumed to be located on the
shortest line between two rotational centers (Y} and Y5;).

v Xe(e-Y3)

C =
PP (Xt Xp)

(22)
Moment (M) and stiffness (Rqy) for vertical direction on
the column area can be expressed as Eqs. 23 and 24

4 7 ’ ’ 2 ’ ’
MCV:(ﬁl_YP)VCdl+(YP_ﬁ2)VCd2+§CPC1+CPC2 (23)

7 4 7 ’ ’ /7 1 4 2 ’
Rey=B'(Bi-Yi) + B (Yi—B5) + §ﬁ3C13> + gﬁSZOCI% (24)

Moment derived from friction (I') between the CW plate
and the sill by rotational deformation of the CW plate can
be calculated by Eq. 25 as substituted by Eq. 11. Here,
although the factor of friction should be contained in equi-
librium for the vertical direction in Eq. 20, the rotational
center (Y;,) was induced without considering friction in
order to avoid complexity. Consequently, moment derived
from friction (I') was added to moment (Msy) and stiffness
(Rgy) for vertical direction on the sill area.

F=%(N1+N2+N3)uW

- l(l%(zo_xp)z 95+la3X1%95 +2a3WXP95qu
282 2 3
(25)



where p is the coefficient of friction between the CW plate
and the sill; we used 0.35 as coefficient of friction.

Moment (Mg,) and stiffness (Rgy) for vertical direction
on the sill area can be expressed as Eqs. 26 and 27.

2
Mgy =(B1—Yp)Vsai +(YP_ﬁ2)VSd2+§CPC1 +CpCyo+ T

(26)
1 2
Rgy = B(ﬂl—Ypf+B<YP—ﬁ2)2+§ﬁ3c5+§ﬂgzoc%+
%(%a3(ZO—XP)2+%a3X%+§a3WijuW (27)

Yielding moment

In analyzing the yielding moment, we consider the opera-
tion of yielding of the shear dowel on the column area, and
yielding of the shear dowel and embedding on the sill
area.

Column area

If we suppose that no split occurs on the column and CW
plate but only yielding by shear of the dowel, the yielding
moment for the column area can be calculated by the shear-
ing yield strength of the dowel with rotational center (X7,
Y}7). Here, we assume that this rotational center (X%, Y3)
does not change even after yielding. The relationship
between moment and stiffness for column area can be
expressed as Eq. 28 as substituted by Egs. 10 and 24.

Mc=Mcy+Mcey=(Reu+ Rev)Oc (28)

The slip load that one dowel receives at i position by
moment (M) as shown in Fig. 6 can be calculated by
Eq. 29

PSi=K¢i‘ri'9C (29)

Here, K, (slip modulus) for angle ¢ is presumed calculable
by integrating Ki,,040 and Kygpoa90 for 0° and 90°, respectively,
by definition of Hankinson theory. x; and y, are coordinates
for each dowel at column surface (x;, horizontal coordinate;
y;, vertical coordinate), and r; is defined as the distance from
rotation center (X}, Y3) to the position of each dowel.

Fig. 6. Shearing of dowel at position / v
for moment :
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.. b1 af X
gi==—p==—tan'| =L |,
2 2 Vi
Kivopodoi - Kboopoodooi

P - )
Kopoaoi Sin” @, + K po0p90a90i €0S” ¢;
=)+ ()’
Substituting Eq. 28 into Eq. 29, Eq. 30 can be obtained.
_Mc
(Ren + Rev)
The joint was presumed to reach yielding point when this
P, became equal to Py,;. At this point, yielding moment can
be obtained by Eq. 31
Pyi-(Ren + Rev)
Kyin;

K(})i:

Fsi= Ky r;- (30)

Myd:min{ (31)
where i represents each dowel and M, is determined by
taking minimum value among all dowels. Here, yielding
strength (Py;) of each dowel for angle ¢ can be calculated
by Hankinson theory with P04 and P49 for angles of
0 and 90 degrees.

Pypopodoi - Pypoopooagoi
— b}
Poopodoi SN~ @; + Pyioopoodon; COS” @

Pyi=np

Sill area

Yielding by shearing of dowel and embedding between the
CW plate and the sill part should be taken into account for
pursuing the yielding moment (M) on the sill area, in view
of the fact that these two factors play mutual, important
roles on rotational performance. The lowest value between
yielding moments by shearing of dowel, embedding of com-
pressed plate, and embedding of the sill is defined as the
yielding moment of the sill area, as in Eq. 32.

M _s=min[M_g, My_cw, My_gj (32)

The same equation as that for the column was applied for
estimating the yielding moment by shearing of dowel on the
sill area. The only difference is the shearing direction
of dowel for the main members. The yielding moment by
shearing of dowel at the sill area can be calculated by Eq. 31
with those factors in Eq. 33 and stiffness of sill part.

Kp90p0doi * Kvopooaoo:

Kyi=np ) 3>
K9opodoi SIn” ¢; + Kpopoodgoi €OS” ¢ (33)
Poon Pyp90p0doi - Pybopoodgoi
yi — P ) 2
Pypoopodor SIN” @; + Pyyopoodgo: COS” 9;

Yielding angle and moment by embedding of the CW plate
can be calculated by Eq. 34 using Inayama’s theory.’

WEcwoo)
My_cw=Ry-0y_cw, Oy_cw= ,
' Y ' XpEcwooyJCxCxmCym
3x;
Cy=1+ 2W s oo , me:1+4—W, (34)
3Xp 3X;
Cym=1+ adld

3nnpt
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Because CW plate has high embedding strength, yielding of
the sill is possible as shown in Fig. 7. The embedding stress
distribution of the sill is assumed as triangle, although that
of the CW plate is assumed as triangle and the effect by
additional length separately. Reaction force (C) of the sill
is same with embedding resistance (N, + N,) of CW plate.
It is supposed that yield occurs when maximum stress at the
edge of the sill reaches the yielding strength (F) of the
sill.

Thus, Egs. 35 from Egs. 11 can be formed when yielding
of the sill occurs
Csin= Ny + N3, CZ%”P'I'FC'XP (35)
Substituting Eq. 11 into Eq. 35, yielding angle and moment
by embedding of the sill can be calculated by Eq. 36

nPtXPFCBS
2(Ny+N3)

where F. = 60.68 - p and p is density of wood.

My_sin=(Rsp + Rgy)-Oy_sin,  Oy_sin= (36)

Experimental
Material

E60-F225 grade Japanese cedar glulam was used for column
and sill (120 x 120 mm). CW plate and dowel material was
compressed in the radial direction at a temperature of
130°C for 30 min. No fixation treatment, such as steaming,
chemical agent, or resin, was applied. Apparent density was

Fig. 7. Embedding of sill
Fc
N3
N2 Csin
Xp
CW plate Sill AL

Table 1. Parameters of column-sill joints for pull-out tests

increased from 0.33 to 0.88 g/ecm’ on the CW plate and to
1.1 g/lem’ on CW dowel by applying compression ratios of
62% and 70%, respectively. In this case, the density of CW
plate was relatively low to avoid damaging the base member
by swelling stress. In preparing material for making CW, all
boards selected for compression had flat annual growth
rings and were free of knots, splits, and pith. Initial moisture
content was approximately 12% prior to the compression
process. For fabrication of the dowels, the wood pieces had
initial dimensions of 15 X 15 mm and were then processed
into round shapes with a final diameter of 12 mm. The
process of making the compressed wooden plates was
almost the same as that for the dowel, differing only by the
compression ratio. The plate size was 120 x 360 x 14 mm
for the column-to-sill joint.

Pull-out test

A pull-out test was performed to evaluate the efficiency and
failure mechanism of the column-sill joint. Figure 8 and
Table 1 present the details of the column-sill joint pull-out
tests.

Figure 9 shows the experimental apparatus for the pull-
out test. The sill member was fixed by bolts (diameter
16 mm) with a 1000-mm span. The loaded end of the column
was fixed to a steel jig with ten lag screws (diameter 8 mm).
This steel jig was connected to a load cell and a hydraulic
actuator. Pull-out load was applied to the specimen by this
actuator via a computer-controlled system. Relative dis-
placements between column and sill were measured by
means of two displacement transducers (CDP-50) attached
to both faces of the column, and those between the plate
and column and between the plate and the sill were
also measured by using four displacement transducers
(CDP-25).

e @ ® @ ® ©
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Fig. 8. Parameters of column-sill joint for pull-out test

Specimen Dimensions (mm) Number of dowels No.
Column Sill Plate Dowel diameter (mm) Column Sill
PCP2C4S1 120 x 120 x 560 120 x 120 x 1200 120 x 360 x 15 12 4 1 3
PCP2C4S2 12 4 2 3
PCP2C4S3 12 4 3 3




Table 2. Parameters of column-sill joints for rotation tests
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Specimen Dimensions (mm) Number of dowels No.
Column Sill Plate Dowel diameter (mm) Column Sill
RCP2C4S0 120 x 120 x 560 120 x 120 x 1200 120 x 360 x 15 12 4 0 3
RCP2C482 12 4 2 3
RCP2C6S2 12 6 2 3
RCP2C684 12 6 4 3

Fig. 9. Apparatus for pull-out
test of column-sill joint
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Fig. 10. Parameters of column-sill joint for rotation test

Rotation test

A rotation test was performed to evaluate the performance
of the column-sill joint under rotational moment (M).
Figure 10 and Table 2 shows the parameters of the column—
sill joint for the rotation test.

Figure 11 shows the experimental apparatus for the rota-
tion test of the column-sill joint. The rotation moment was
applied by a quadratic-link steel frame. Each member of
the steel frame was 1000 mm in length, and they were con-
nected by pins. A load was applied by a hydraulic actuator.
As shown in Fig. 8, each specimen was set at center of the
frame and jointed with steel pins (diameter 22 mm). The
loading schedule was 1/300, 1/200, 1/150, 1/100, 1/75, 1/50,
1/30, and 1/15 radians of angle in the steel frame. At each
displacement step, three cycles of load were applied by
controlling displacement of the frame (DTP-500S trans-
ducer). Relative displacements between plate and each
member were measured by displacement transducers (CDP-
25 and CDP-50) for estimating rotational angles with
corresponding applied moment (M). A perfect bilinear
approximation was used to determine stiffness (R) and
yielding moment (M,). By contrast, this joint exhibited such

a high ductility that approximation was applied within
1/15 rad.

Results and discussion
Pull-out performance

Figure 12 and Table 3 show experimental results and calcu-
lated values for CW plate and doweled column-sill joints in
pull-out tests. Yielding strength (P,) of the joint with one
dowel in the sill was 10.81 kN, and as the number of dowels
increased, P, increased in direct proportion to the number
of dowels. Pull-out strength is thought to be controlled by
the shearing strength of the dowel material at the sill. At
the maximum strength (P,,,) of the joint, the joint reached
a load of 17.87 kN with one dowel. P, increased with the
number of dowels, but unlike P, it was not in direct propor-
tion. This is due to the shift of failure mode from shearing
in the wooden dowel for the one-dowel specimen to split-
ting or bending of the sill for two-dowel and three-dowel
specimens. We conclude that the newly suggested mechani-
cal model is quite acceptable even in this type of joint.

Rotational performance

The experimental results and values calculated by Table 4
are shown in Table 5 for joints with different numbers
of dowels. Figure 13 shows curves of moment versus rota-
tional angle response, and values calculated by the struc-
tural model for all kinds of joints. Coincidence was very
good in each case. The yielding moment of the column was
higher than that of the sill in each case. The yielding moment
at the sill area was determined by shearing of dowel
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Fig. 11. Apparatus for rotation test of column-sill joint
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Fig. 12. Comparison between experimental and calculated values of deformation
Table 3. Results of pull-out tests on column-sill joint
Specimen np ne ng Calculated values Experimental values
Kmodel (kN/mm) Py-model (kN) Kexp (kN/mm) Py-exp (kN) Pmax (kN) E (kNmm)
PCP2C4S1 2 4 1 391 9.82 4.47 10.81 17.87 190.27
PCP2C4S2 2 4 2 6.77 19.63 6.58 19.96 32.87 272.10
PCP2C4S3 2 4 3 8.95 29.45 6.36 27.61 38.14 253.04
K, Initial stiffness; P,, yielding strength; P,,,,, maximum strength; E, energy
Table 4. Parameters for calculating by mechanical model
Double shear property of dowel Compression property u p
(g/em’)

Stiffness (N/mm) Yielding strength (N) Stiffness (N/mm?) Yielding (N/mm?)
Kbl)p(ld() Kb90p9()d90 Kh90p0d0 Kb()p%d‘)l) P, ybOp0d0 P, yb90p90d90 P yb90p0do P, yb0p90d90 E(ngo) E(Cedz.rsm) E(Cedaru) Focw
3145 3519 2216 3470 5296 4166 4581 5619 1000 240 6000 45 0.35 0.33

u, Coefficient of friction; p, density

except for the no-dowel type in which embedding yield
occurred.

Figure 14 shows values calculated by the structural model
in comparison with the experimental envelope curve on the
moment (M) of whole joint versus rotational angle (6}, 6,
and 6;) for each area. Stiffness of column area for two types
showed no large difference. This is because the center two
dowels are located close to rotation center. However, the

yielding moment for the six-dowel type was higher than that
for the four-dowel type.

For the sill area, the effect of the number of dowels on
stiffness was 1.5 times that of embedment when four dowels
were inserted. Despite differences in stiffness between the
two-dowel and four-dowel types being not very large, the
yielding moment of the four-dowel type was higher than
that of the two-dowel type. It is considered that the upper
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Specimen Calculated values Experimental values
R, ia (KN.m/rad) M, 000 (KNm) R.,, (kN.m/rad) M, .., (kNm) M, (kNm) E (Nmrad)
PCP2C4S0 72.15 1.98 65.53 2.16 4.60 507.39
PCP2C4S2 97.31 2.79 70.74 2.64 5.78 715.50
PCP2C6S2 100.85 2.85 86.60 2.81 5.52 733.05
PCP2C6S4 108.69 3.20 93.13 2.76 5.78 721.43
R, Initial stiffness; M, yielding moment; M,,,,, maximum moment; E, energy
Fig. 13. Plots of moment versus t u
rotational angle (rad) for each RCP2C4S0 RCP2CA4S2
parameter of column-sill joint
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Fig. 14. Comparison between experimental and calculated values of moment on each area. Left, whole joint area; middle, column area; right,

sill area

two dowels are located close to the rotation center of the
sill area, so only the two bottom-side dowels were dominant
in rotational stiffness. Although yielding of the sill area was
determined by embedding, the yielding moment showed
more improvement than stiffness with increasing dowel

number due to the rotational center (X}) being shifted close
to the center of gravity of the sill. Consequently, the embed-
ding performance on the sill area by virtue of the CW strength
is more dominant than shearing of dowel for rotational
stiffness.
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Conclusions

In this study, pull-out and rotational performance for a new
type of column-sill joint were evaluated. The major conclu-
sions are as follows:

1.

For pull-out strength, the yielding strength was 10.81 kN
and the maximum strength was 17.87 kN for the joint
with one dowel inserted in the sill. The yielding strength
increased linearly with the number of dowels at the sill,
because this property was controlled by the dowel shear

property.

. For rotational performance, embedding performance on

the sill area by virtue of the CW strength is more domi-
nant than shearing of dowel for rotational stiffness. The
effect of dowel on stiffness was 1.5 times that of embed-
ment when four dowels were inserted.

. In order to determine optimum joint design, a mechanical

model was introduced by considering two deformation
areas and two vector components separately. Theoretical
performance was compared with experimental data. Con-
sequently, this mechanical model was found to be valid.
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