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Abstract

This paper introduces an examples of analyses on the elasto-plastic behavior of so-called “through-bolts type”
wooden beam-column steel joints which are widely used in modern wooden residential houses recent in Japan. The
analyses were done on two parts, one of which was “glulam column-steel gusset joint” where column and gusset are
connected by using “though bolts” and the other part was “steel gusset-glulam beam joint” where gusset and beam are
connected by using drift pins. By the theoretical analyses, initial stiffness, yielding moment and second stiffness were
derived so as to include various parameters in a closed form. Full scale experiments were also carried out using three
replications on two different types of test specimens. Comparisons between theoretical predictions and experimental

observations showed good agreements.
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Introduction

In recent modern wooden post and beam style
residential houses, many of super-structures are tended to
be composed of glued laminated timber (denoted as
“glulam” hereafter) columns and beams with using
prefabricated engineered steel joints as shown in
Figure.1.

In such modern connection systems, their initial
stiffness, yielding strength, ductility and ultimate strength
are usually ensured by both sufficient experimental and
theoretical researches done by collaborating with
university’s researchers like this article case. In this paper,
an examples of analyses on the behavior of so-called
“through-bolts  type wooden beam-column joints”
subjected to rotational moment is introduced with some
full-scale experimental results.

Mechanical Model of Beam-Column Joint
Figure 2 shows a beam-column joint subjected to a
rotational moment. This joint constitutes from two parts,
one of which is “glulam column-steel gusset joint” where
column and gusset are connected by using “though bolts”
and the other part is “steel gusset-glulam beam joint’
where gusset and beam are connected by using drift pins.
Therefore analysis should be done separately in each
part, then these independent rotational deformations will
be combined to obtain an apparent one rotational spring.
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Rotational Stiffness of Column-side Joint

Figure 3 shows deformed configuration and reaction
forces on column-steel connection subjected to a clock-
wise rotation moment +M

The relationship between tensile force T; and
elongation eg; acting on the j-th bolt which connects

between the column and steel connector.
T

Cn: = —J ‘=2\ 3 1
Bj KBj (l ) ( )
where,
E. A.
Kg = Eoifs vl stfiness of j-th bolt (N/mm)
Bj
Eg; : Young's modulus of j-th bolt (N/mm2)
Ag - effective cross sectional area of j-th bolt
L @
4
d; : effective diameter of j-th bolt (mm)
lg : effective elongation length of j-th bolt (mm)
Jg : distance from bottom of beam to j-th bolt (mm)
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Figure 1. Typical construction site of modern wooden post and beam style residential house.
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Figure 2. A beam-column joint subjected to a rotational moment.
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Figure 3. Deformed configuration and reaction forces on column-steel connection subjected to a rotational moment +M.

The quantity of embedment of bearing plate into back
side of column is to be evaluated based on the
assumption proposed by Inayama (1991). For the

coefficient for surface deformation function a. which

governs the effect of extended free surface of the
embedment of timber perpendicular to the grain, new
proposal, in which various coefficients were re-defined in
accordance with corresponding boundary conditions, were
quoted from the research result published recently by
Kitamori et al. (2009). Hence, equations (3) to (7) were
obtained for the embedment of bearing plate occurring at
the back surface of column;

ey = ®)
5=k,
where,
2
C,.C..E
sz:w ()
C
5 Ak
C =1+ 1-e M ..(5)
actyz
o =1t —2{1-ementema)) .(6)
acnmn;

The coefficient for surface deformation function a is;

14

ac === (1)

Further more,

Ego=E,/25 (N/mm2: Modulus of elasticity
perpendicular to the grain which is quoted from the
design standard for timber construction (AlJ 2006)

n7, :length of one edge of square bearing plate(mm)

b, : width of column (mm)

n : ratio for the perpendicular to the grain against
parallel to the grain. This vale is assigned for species
group, foe example, n=7 for J1, n=6 for J2 and n=5
for J3 group, respectively.

Resultant compression force C , which is brought by
embedment of the vertical steel plate of connector into the
side surface of column, by applying another assumption
for triangular embedment proposed by Inayama (1999)

and for a; by Kitamori et al. (2009) as shown in equation

(8).

2
c- (ﬂ—e) bsC,rCyrEqp o ...(8)
2h, .
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where,

2 i
Cyr :1+m{l—e ; ] ..(9)
arn(b, —bg )
C,r =1+ o 1-e M (10)
aT:% (Kitamori et al 2009) (1)
and, C

bs : contact width of vertical steel plate (mm)
X, : effective length of extended free surface. In case of
Figure.2, X, was assumed as infinite.

Total deformation er;of j-th bolt subjected to the
tensile force T; can be estimated as the summation of
the elongation of bolteg; and embedment of bearing plate
into back surface of column e; ;

Substituting equations (1) and (2) into (12)

T.
S PRI (SO 13

It might be possible to assume the following
approximate geographical relationship on the total

deformation er; and rotation angle 6, between column

and steel plate.

ey = (05 — A0 .(14)

Substituting equation (14) into equation (13),

Ky +Kg (L
i
R P N

Bj

Ky +K

Equilibrium of forces is,
T,+T,=C ...(16)

Substituting equation (16) into equations (8) and (15),

[&](g B2 /1)‘91 + [ﬁj(gsa - 1)91

Kzz + Kaz Kz3 + Kss
(/1 - e)z bSCxTCyT E90
o
2h

C

.(17)

As X; in C,; can be infinite by considering content of
equations (9) and (10),
Ch =1+ 2

ar(1-e)

Also the y-directional effect of extend length involved
in the assumption of Inayama (1999) might not be
expected because the deference between width of column

b. and contact width of steel plate bg is so small,
Cyr=l ..(19)

..(18)

Taking account the above mentioned approximate
conditions into equation (17), we get following second

order formula of 4 without respectto 4, ,

KBZKZZ KB3KZ3
_e2lzz g g)q| enzE g g
(KZZ+K82j(gBZ )+[KB+KBJ<983 )

(4 —e)b, {1+ aT(j_e)} Eqo

3 KgK,
> -2 e—(lj—( n, JZ 84 1L
ar b.Eqy )i Ky + Ky
3 KgKy,
ESIEN O
ar bEy, Ji| Ky + Ky

..(20)

Hence the location of the neutral axis is obtained as
equation (21).

A=tJja’+ B +a ..(21)
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From the equilibrium among forces and external
moment at interface between column and steel plate,
external moment M can be expressed by equation (23).

2
M :(gsz —/1)1-2 +(933 _/1)1-3 +§(/1—e)C =Ry

...(23)
R, is defined as the rotational stiffness between
column and steel plate as,

3 KKz | (A-ef’bsC,iCrE
RJc:Z(gBj—/l)Z(KZjB:_ éjsj}_ S3hXT yT 90

j=2 c

..(24)

Derivation of Rotational Stiffness between Steel Plate
and Drift-pin (DP) Joint at Beam End

[ (” }S\;P,l
N
[ P, & A,
=% - gD4: N
yre ;o N ] P £ 5
o I_.,. i | /1}, D2
A7) Llen| | | Lof 4
A e
4

Figure 4. Schematic diagram for deformation and forces
acting on beam side joint.

For the next step, the rotational stiffness between
steel plate and DP joint at beam end will be derived.
Figure 4 indicates a schematic diagram for deformation
and forces acting on beam side joint.

Denoting location of neutral axis as A, and A, for
X, y direction respectively, relationship between slip S; of

j-th DP and relative rotation angle &, , between steel

plate and glulam beam, is approximately estimated as
equation (25).

S; 2116, =\(@- 4 +(00; ~ 4, 6,
Relationship between force P; and slip S; of j-th

..(25)

DP is expressed as equation (26).
P]:Kﬂ‘sj ...(26)

Here, K, is ¢;-directional slip modulus of j-th DP

which might be estimated by using so-called Hankinson’s
equation (27) (AlJ 2009).
K. — Ko - Koo

4 (Kosin? g + Kgocos® ¢; )

.y
¢j=£_tan’l m
2 a-A,

Slip moduli K,, Ky, in equation (27) can be
derived as equations (29) and (30) by employing ‘the
theory of beam on the elastic foundation” by setting
boundary conditions as shown in Figure 5 (AlJ 2009).

..(27)

.(28)

H 5
: Slip modulus for insert-type DP-joint
Steel plate 1 =4 Kwod ) 1-ry0 parallel to the grain direction
! ©VaED, " T 1 +(29)
I Drift-pin ¥ o
L
l = : Dq—a . cosA,l _sin Al
STIR=0 " |#2 | ™ ~coshagl’ ™~ sinh Al
T TeERR
3
i Wood
3
E —\— Kgoj = 4Pgogg (E1), tanhig,
'

i

Figure 5. Boundary conditions

Kwgod 1- 190090
_ Dy =2 1900
%0 A1), [ 1+ 1,2

perpendicular to the grain direction

Slip modulus for insert-type DP-joint
J ...(30)

for steel insert type DP-joint
(AlJ 2009)

COSAgl

Sin Agol
- ' q9 =
cosh gl

~ sinh Al

f90 0
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here,

k . embedment coefficient parallel to the grain
direction by circular steel dowel of diameter d
and to be estimated by equation (31) (AlJ 2006).
Koo :embedment coefficient perpendicular to the grain
direction by circular steel dowel of diameter d
and to be estimated by equation (32) (AlJ 2006).

w0

Kuo :m (N/mm3) ..(31)

Kyoo =Ky /34 (N/mmd) ...(32)

E, : Modulus of elasticity of timber parallel to the
grain(N/mm2)

(El)s  :Flexural rigidity of DP(Nmm?)

d : diameter of DP(mm)

I, : effective DP length (mm), and this value has a
relationship with | and t in Figure 4, as
follows;

|, =21+t (39

Substituting equations (25) and (27) into equation
(26), we obtain,

2
P =Ky S; =Ky a4 +(05 - 4 F6,
...(34)
K, in equation (34) is a function of A, and 4,

however, as the derivation process becomes quite
complicated unless they are considered as constant, in

this stage they were considered as constant and after A, ,
A, are tentatively determined, all variables should be re-

estimated by employing several times iterations in Excel-
sheet until converged values are obtained.

Figure 6 shows definition of the force P; acting on j-

th DP and its x, y components Pj_x ,and PJ-_y .

¥
_____ J _—_ DF F_,=F cosg,
@
__ 1% !
53
B - P .sin g
i 1 ]
(gp_,l_'g,) : ’
1
d, E
1
]
1 =x

a_
Figure 6. Definition of the force P; acting on j-th DP and

its X, y components PJ-_X ,and PJ-_y .

From geometrical relationships we get,
(a — ﬂ“x)

sing; =
J \/(a—ﬂx)z +(ng _}“y)2
(9p; —4y)

\/(a—lx)2+(ng —ly)z

Combining equations (34) and (35), we obtained
equations (36) and (37) for x, y component of P;

P, =Py -cosg; =(gp; — 4y ) K6, ...(36)
ijy = Pj .sin¢j :(a—lx). K¢J .02 (37)

cosg; =

While, as the end grain surface of beam is subjected
to a “triangularly distributing compression force” (Inayama
1991) by the action of steel vertical plate, the resultant
compression force will be calculated as,

Ay~ 2
C=bh, j koyezdyzwe2 ..(38)
0
where,

k, :embedment coefficient of wood subjected to
compression stress parallel to the grain (N/mm3).
This quantity was recently re-defined by using the
assumption of Inayama (2009), and in this article k,
was determined as equation (39) by considering
corresponding boundary condition.

5E0(0.08+ blj

ky=— €7 ..(39
®" (706-0.3b,,) )

here,
b, : effective contact width defined as vertical steel plate
width minus thickness of center plate (mm)

Equilibrium of forces for x-direction is expressed as
equation (41).

P +C=P_,+P ,+P,_, ..(41)
Substituting equations (36) and (38) into equation (41), we
get equation (42).

bk, (1, —€)?
(gm _ﬂ'y)' K¢1 ' ‘92 +%82

4
= Z(ng _ﬂ“y)' K¢j '02
j=2
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1

—M, 22 —K, K, +e
(b N ]
2 Z +e?=0
b I’ I Ky N =

..(42)

Equation (42) gives the roots for 4, as equation (43).

A =a, 2o, =, ..(43)

where,
4
bsekO bsekO j=2
..(44)

2

P = I Ky — ngj Ky +e?
b Ko =

While, equilibrium of forces for y-direction is,

4
ﬂc=ZPj_y ...(45)

1

where,
4 friction coefficient between end grain of glulam and

steel plate, and this was assumed as 0.4.
Substituting (37), (38) into (45), we get,

M‘Za /1 =0

1u- bsek (4,-¢)°

>l =a-=
ZK@-
j=2

...(46)
In actual calculation process, value of 2, and A,

were determined by repeating several times of
calculations from equations (27) till (46) until converged
value was obtained.

Rotational moment M, around the neutral axis is,
$ 2
= Z\/(ng _/1y)2 +(@-4,)P
1

+§(zy —e)C + 4CA,

= RJbez

18

where,

:Zj:{(goj _ﬂy)2 +(@a-24) }K

2(&y —e) b, (/1y —e)?
+{ 3 + ,uﬂx} >
..(48)

(rotational rigidity between steel plate and beam end
subjected to +M )

Combined Single Spring for Apparent Beam-column
Joint

As the beam-column joint is constituted from two
sub-springs mentioned above, it might be easier for
practical engineer to merge these two sub-springs into a
single apparent spring. Let define relationships of rotation
angle and moment for each sub-spring as equations (49)
and (50),(51).
[Rotational spring between column-steel plate]

6 =— ...(49)
RJC
[Rotational spring between steel plate and beam end]
M
6,=—2 ...(50)
Ry
M,=w-M ..(51)
where, <1 and @ will be confirmed when actual
moment distribution is given. For example, in the case of
T-joint specimen shown in the later section for the
experimental set-up, equation (51) will hold good as

M, ={(L-2,)/LIM ,thus e should be obtained as,
— L- ﬂ'x

(52)

A combined rotation angle which is constituted from two
sub-springs is estimated as equation (53).

6=06+6, =£+ M,
Jc RJb
_ [L N ng
RJC RJb
( R, + @R, }
RJC ' RJb

...(53)
Therefore, moment-rotation relationship for the apparent
beam-column joint is expressed as,

M=R;_,.0 ...(54)
where, a combined rotational stiffness of the apparent
beam-column joint is given as equation (55).
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Ry_pe = Roe R | (Nmmirad) ...(55)
Ryp + @Ry

Yielding Moment of Beam-Column Joint

Here, two possible yielding criteria are assumed.
[First yielding criterion]

The first one is a yielding moment which might be
caused by embedment of vertical steel plate onto side
surface of column. According to the assumption by
Inayama (1991), vyielding rotation angle for triangular
embedment is given as equation (56).

thC
0, =
}“g EQO\/CXTCyTCmeCmi
where,
F, : partial compression strength perpendicular to the

grain that will be appropriate if 80% of the basic
material strength value should be used (Kitamori et
al. 2009). Parameters in equation (56) are as follows.

...(56)

2 _arx
C,r =1+ 1-e M |,

ar Aq

2 _aTn(bc_bS)
Cyr =1+ l-e 2|

by
Com=1+ Cqm =1+ 2
XTm aT 191 yTm aT nbs

Yielding moment at column side can be given as,
Myr =Ry -6, ...(57)

Apparent yielding rotation angle at beam-column joint is
thus given by the equation (58).

6 =

[Second yielding criterion]

...(58)
RJ —ch

The second one is a yielding which might be caused
by embedment of bolt bearing plate onto side surface of
column. According to the assumption by Inayama (1991),
yielding deformation due to partial compression force by
bolt bearing plate is given as,

B h.F,
L =
EQO\/CXCCyCCmeCyCm
At this stress level, it might be possible to assume
that the tensile force T;, which is supposed as the
maximum axial force among all bolts, could be estimated
as a product of F,, times bearing area (77, X7, ), thus,

elongation of bolt at the yielding level might be calculated
as,

e ...(59)

T 2
_ tyy Rz ...(60)

g =
Kes Kes

Therefore, total elongation of the corresponding bolt can

be estimated as,

hc I:m + I:m7722
EQO\/CXCCyCCmeCyCm KBS
..(61)

e, =€, +eg =

Rotation angle at column side sub-spring is,

6, =2
N (gss - ﬂ)
Fa h, 7722
= +
(g B3 /1) EQO\/CXCCyCCmeCyCm Kss

...(62)
Corresponding moment acting at column side sub-spring
is,
My, =Ry - 0y ...(63)
Therefore, apparent yielding rotation angle for beam-
column joint is,
M.,

o, = ...(64)
Y RJ—cb

Consequently, yielding of an apparent beam-column joint
will be determined from the smaller value of both yielding
moments as defined in equation (65),
My =Min{My; . M | ...(65)
Post-Yielding Rotational Stiffness of Beam-Column
Joint

Post-yielding behaviour might be calculated using the
same equations as those in elastic case from equation (1)
to (95) by using post-yielding modulus of elasticity of
column Eg as 1/8 of that in elastic case in accordance
with the suggestion from Inayama (AlJ 2009).
Comparisons between experimental observations and
theoretical predictions for the post-yielding behaviour will
be done using equation (66) under the assumption that

specimen will not fail at least until the rotation angle 6,
which was observed maximum rotation angle.
My = Ry_e2(6 =& )+ My

where,

R;_2 : beam-column combined rotational stiffness

...(66)

calculated by using Egq , = Eqq 4 /8 (Nmmi/rad)
6, :observed ultimate rotation angle (rad)
6, : predicted rotation angle at yielding (rad)
My, : predicted yielding moment by equation (65) (Nmm)
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Experiments

o
20
M=PL RS
i (a—2)- (6-47)
P
#2, #3 were Téﬂ

set on the back | Way | #5
side

3
! — $g —F —

‘200 ‘ S
I

Figure 7. Test set-up and deformed situation of T-shaped
beam-column joint subjected to a lateral force.

The aim of this article is to show how generalized
mechanical model of beam-column joint, composed of
steel gusset plate with which column is connected by
through bolts, as well as beam is connected by drift pins,

20

could be derived in details. Therefore description on the
experimental procedures or/and experimental results
would be shown as less as possible. Figure 7 shows a
feature of experimental set-up subjected to static push-
pull lateral load. Table 1 summarizes material constant of
test specimen and some representative geometries of
members by which numerical calculations were done.

Table 1. Material constants of test specimen and some
representative geometry of members.
di diameter of bolt (mm) 12
Igj effective length of bolt (mm) 105
Es young’s modulus of bolt (N/mm2) 206010
oung’s modulus of column parallel to
Eo %/he g?ain before yield (N/mmg) 9320
young's modulus of column
Ego-1 perpendicular to the grain before yield 373
(N/mm?2)
oung’s modulus of beam parallel
Euo %/o ths grain (N/mm2) P 10301
he depth of column member (mm) 105
hp depth of beam member (mm) 390
bp width of beam member (mm) 105
d diameter of drift pin (mm) 20
o distance from bottom of beam to 2
bottom of steel gusset (mm)
be width of column member (mm) 105
b width of contact steel vertical plate 77
S
(mm)
t thickness of steel gusset plate (mm) 6
lower bolt location from bottom of 9
g1 beam (mm)
gsi+1- gsj | adjacent bolt distance (mm) 120
gm height of steel gusset plate (mm) 368
lower drift pin location from bottom of 62
9ot beam (mm)
goji+1- goj | adjacent drift pin distance (mm) 90
a distance of drift pin from end grain 156
(mm)
le effective drift pin length (mm) 99

Results and Discussion

Figures 8a), b) and c) show comparisons between
observed moment-rotation angle relationships and
predicted bi-linear moment-rotation angle relationships for
plus moment region. For the initial stiffness and yielding
moment, coincidence between theoretical predictions and
experimental observations seems to be good. While for
the post-yielding behavious, there are slight discrepancies
between theoretical predictions and experimental
observations. For the stage of post-yielding, as no
rigorous theoretical considerations were given except
simply obeying the assumption proposed by Inayama
(1991) telling that the young’s modulus perpendicular to
the grain of timber tended to show value of about 1/8
times of that shown in elastic range, the predictions
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seemed to become rough in the actual post-yielding

range.
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a) T-1 specimen
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b) T-2 specimen
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c) T-3 specimen
Figure 8. Comparisons between observed moment-
rotation relationships and predicted bi-linear
relationship.

Therefore, by considering another equilibrium
condition where some resultant forces should be in plastic
or highly low stiffness range, more realistic non-linear
behavious might be able to obtain. In addition to this
imperfect model, the author did not measure any material
constants directly by using the same materials used in the

experiments. That might be another cause for a bit
discrepancy between theory and observation. From
practical point of view, however, agreement between
theory and experiment shown in Figure 7 might be
acceptable. In consequent, further analyses will be
necessary based on the level of demands how precisely
the post-yielding behaviors should be predicted.
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