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tion of the glue line. In addition, from the design viewpoint,
there are no design methods describing the rotational stiff-
ness. The reason is that the previous models were derived
based on a hypothesis that a moment-resisting joint must
rotate at the starting points. Thus, it is necessary to build a
mechanical model explaining how rotation occurs in CLJs
and to develop a design equation.

Previous models of GIRs5 take into account only the
axial component of the rods. In fact, two resisting compo-
nents of rods exist, i.e., lateral and axial. There are two
disadvantages in the previous models. The first is the stiff-
ness of a moment-resisting joint with GIRs. Previous mod-
els were rooted from the simulation of a panel zone in a
reinforced concrete structure. However, it is well known
that timber cannot be assumed to be a rigid body, especially
for a dowel-type shear joint like rods. Therefore, the lateral
component must be incorporated. The second disadvantage
is the strength of this type of joint. Not only does pulling
failure occur with rods, but also splitting failures due to
lateral force components. Because the lateral force compo-
nents are ignored in previous models,5 the splitting failure
criterion caused by the lateral force components is not
taken into account. The splitting failures result in brittle
failure of a moment-resisting joint. Therefore, it is impor-
tant to derive a mechanical model incorporating the split-
ting failure due to lateral force components caused by an
applied bending moment.

The developed mechanical model should be able to ex-
plain why CLJs rotate and the developed design method for
steel rods with glue should consider both axial and lateral
force components. In this article, new design methods for
GIR joints, and CLJs are proposed for transmitting bending
moments.

Experimental

Five specimen types were prepared. Figures 1 and 2 show
the specimens used in this study. Differences are associated
with the number of members and the use of GIRs. In type
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Introduction

The use of adhesive joints is gradually increasing, especially
those with glued-in steel rods (GIRs). However, there are
some problems with the design methods when used for
moment-transmitting applications. No model for cross-
lapped joints (CLJs) can adequately explain why the rota-
tional rigidity of CLJs is not infinite, although some
mechanical models1–4 have considered the stress distribu-
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A, in Fig. 1a, all the members consist of three layers (each
layer width was 36mm). Type B specimens were assembled
in the same way, but two layers were connected using glued-
in rod, as shown in Fig. 1b. Type C and D specimens
were assembled with five layers (each layer width was
20mm), as in Fig. 1c, d, where type D specimens had two
layers with glued-in rod. Type E specimens were assembled
traditionally with one layer, as shown in Fig. 1e. The dimen-
sional cross sections of the three-layer specimens, the five-
layer specimens, and single-layer specimens were 200 ×
108mm, 200 × 105mm, and 200 × 120mm (height × thick-
ness), respectively. The other dimensions of the specimens
are described in Fig. 3. Three specimens were set for each
joint type except for type E, for which two specimens were
set.

All specimens were glued-laminated using sugi having
JAS (Japanese Agricultural Standard) strength grade of

E65–f 225 [modulus of elasticity (MOE) 6500MPa, modulus
of rupture (MOR) 22MPa, composition of lamina L80 L60
L50 L50 L50 L60 L80); the average moisture content was
11%. The glued-in steel rods were located as shown in
Fig. 2. An epoxy resin adhesive (polyamidoamine epoxy
resin = 1 :1) was used to glue each layer and to fill any voids.
All layers were glued. The inserted length of the steel rod
(ss400, Japanese Industrial Standard) in each member was
set to 100mm. The rod diameter was 16mm and the pre-
drilled holes were 18mm in diameter. The time to cure was
at least 2 weeks under natural conditions (around 10°C).
The tests were performed with a monotonic load using a
hydraulic actuator until failure appeared and the load
dropped drastically. The load was applied by a lateral force
at the top of the specimens, as illustrated in Fig. 3.

The load speeds of the applied point were around 1mm/s
by manual control. The load at the applied point (P) was

1200mm

a

d e

b c

1000mm

Fig. 1a–e. Illustration of specimen types. a Type A, b Type B,
c Type C, d Type D, e Type E
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measured using a load cell. The moment worked in the joint
(M) was defined as:

    M P= ×1 (1)

The displacement gauges were located as shown in Fig. 3,
and the rotational angle of BCLJ (q) is defined as follows:

    
q d d= −# #1 2

240
(2)

Results wand discussion

Strength

Figure 4 gives an overview of the bending capacity of all
joint types. It should be noted that the strength of Type B
joint exceeded the mean bending capacity of a solid beam of
the same grade and cross section as the specimen. The
strengths of the other joints varied from 70% to 90% of the
mean bending capacity of a solid beam. The fact that the
mean strength of type D was less than type C is because of

splits that originated from the holes. Because of the drilled
holes, the wood fibers are not continuous like in type C
specimens and a weak spot is created. In this respect, the
diameter of the hole might have been too large when com-
pared with the width of the layers. In type B specimens, the
bending failure of timber at the interface between beam and
column and the pulling out of steel occurred simulta-
neously. In CLJ specimens (types A and C), bending failure
of timber occurred at the interface between beam and
column. In type E specimens, two different failure modes
appeared. One specimen failed with splits occurring at the
panel zone due to pulling out of the rod; another specimen
failed by splitting failure caused by the lateral load compo-
nent of the rods.

Stiffness

The analyses are presented based on the evaluation of the
test data to assess the influences of certain parameters and
their effects in relation to the rotational stiffness. The joints
that combine both CLJs and GIRs were compared with
type C (CLJ). Figure 5 gives an overview of the stiffness of
all types of joints. If we compare the types with and without
GIRs, Fig. 5 shows that the use of GIRs is beneficial for the
rotational stiffness for the same number of layers.

Next, the effect of the number of glue lines was evalu-
ated. The glued area for type A specimens is smaller than
that for type C. While the dimensions of the members are
almost the same for types A and C the number of layers and
therefore the number of glue lines are different. Type C has
five layers and four glue lines, while type A has three layers
and two glue lines. The rotational stiffness appears to be
almost proportional to the number of glue lines. From this,
it is clear that the number of glue lines influences the rota-
tional stiffness of the moment-resisting joints. The detail of
this influence is discussed below.

The joints with both GIRs and CLJs were examined with
types A, B, and E being the focus. The rotational stiffness of
type B is smaller than that of type E, although type B is a
CLJ and includes GIRs. From this observation, it follows
that the rotational stiffness of CLJs with GIRs cannot

a b c

Fig. 2. Arrangement of rods for a type B, b type D, and c type E

Fig. 3. Test setup

Fig. 4. Test results for the strength of the joints, given as mean bending
strength. Bars show SD
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simply be explained by a parallel spring model. If using
a parallel spring concept, type B must be higher than
type E.

Comparing the rotational stiffness results in Fig. 5 for
type C (CLJ), type D (CLJ + GIR), and type E (GIR), it
shows type C with the lowest and type D with the highest
values. From this it can be concluded that the rotational
stiffness of a moment-resisting joint that combines CLJ and
GIRs cannot simply be explained as a series system of
springs of CLJ and GIRs. If using the series spring concept,
type E must be higher than type D. Quantitative analysis
and evaluation of this effect is discussed below using a
theoretical model.

Model for a moment-resisting joint with glued-in rods

Concept

In our model, each component was modeled as simply as
possible, because the aim of this model was to make it
suitable as a practical design method. When the joint ro-
tates, the lateral deformations of rods must occur as well as
the axial deformations of rods, considering the compatibil-
ity of the joint. In the model below, two resisting compo-
nents of the joints were taken into account. The first is the
resisting-moment component of the joint due to the bend-
ing moment of the rod at the interface Mo due to the lateral
deformation of the rod. The second is the resisting-moment
component of the joint due to the axial forces perpendicular
to the grain Pij, i.e., axial forces of the steel rods and embed-
ment of each member at the interface.

Contribution of the lateral deformation component

As the column-to-beam joints with GIRs must transmit
the bending moment, the sectional forces in the rods must
be in equilibrium at the interface between beam and
column, as in Fig. 6. The bending moment in the rods at
the interface must also be in equilibrium with the moment
resulting from the lateral stress components sij along the
rod axis.

Thus, the bending moment of the i-th rod at the interface
resulting from the lateral force component of the rods
inserted in the beam (Moi), when using the lateral force
component of rod sij and the distance from the interface
between beam and column xijs, is expressed as:

      
M x dx k x v x x dxoi ij ij ij

t

ij ij ij ij ij ij

tij ij= = ( ) ( )∫ ∫s
0 0

(3)

where kij is the bearing constant of the i-th rod in the i-th
member, and subscript j holds the value of 1 for column and
2 for beam.

Equation (3) differentiated twice, results in:

      

d v x

dx
v x

ij ij

ij
ij ij ij

4

4 4 0
( )

+ ( ) =l (4)

This gives the general solution:

vij(xij) = Gijsinlijxij · coslijx + Pijsinhlijxij · coslijxij

+ Lijsinlijxij · coshlijxij + Xijsinhlijxij · coshlijxij

where tij is the embedding length of the i-th rod, vij is the
bearing displacement of i-th rod of the j-th member at xij, Gij,
Pij, Xij, and Lij are undetermined coefficients, and

      
lij

ij i

i

k d
= ( )4

4
EI

s

where (EI)si is the bending stiffness of the i-th rod, and di is
the diameter of the i-th rod.

Equation 4 is well known as it is in agreement with the
theory of a beam on an elastic foundation. It means that the
elastic lateral stress components of the rod clearly depend
on the lateral deformation of the rods.

The aim of this model was to derive the design method of
rotational spring and strength for structural design. It is
useful to divide the moment–rotation relationship from the
shear–shear deformation relationship. For this reason, in

Fig. 5. Test results for the rotational stiffness of the joints. Bars show
SD

xij

vij

tij

Fig. 6. Equilibrium at the interface. tij, embedment length of the rod in
the column; vijx, bearing displacement of rod at xij; sxij, lateral stress; xij,
distance from the interface between beam and column; Moi, the bend-
ing moment of the i-th rod at the interface resulting from the lateral
force component of the rods inserted in the beam; Pij, the axial force of
the i-th rods
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the following model of stiffness, only the moment–rotation
relationship is taken into account.

Figure 7 shows the boundary conditions for this model.
At the interface between beam and column, the equilibrium
condition of both bending moment and shear force, and the
compatibility of the rotation angle were given. The bending
moment was introduced at the interface as an action. The
ends of the rods at a distance from the interface can be
assumed as free ends, i.e., both shear force and bending
moment were equal to zero. From above, the lateral dis-
placement as a function of the distance from the interface,
vi1 was derived as:

      

v
M

B F H D E C A G C

B G C A C H D

i

i i i i

i i

i 2
sEI

1
1

2
2

1 2 1
2

2
2

1
2

2

2 1

2

= − ⋅

− −( ) + −( ) + −( )
−( ) + + +( )

l
l l l l

l l

(5)

where

      A t t t ti i i i i i i i= −cos sin cosh sinh ,l l l l2 2 2 2 2 2 2 2

      B t t t ti i i i i i i i= +cos sin cosh sinh ,l l l l2 2 2 2 2 2 2 2

      C t ti i i i= +cosh cos ,2
1 1

2
1 1l l

      D t t t ti i i i i i i i= cos sin cosh sinh ,l l l l1 1 1 1 1 1 1 1

      E t ti i i i= −cosh cos ,2
2 2

2
2 2l l

      F t ti i i i= +cosh cos ,2
1 1

2
1 1l l

      G t ti i i i= +cosh cos ,4
1 1

4
1 1l l

      H t ti i i i= −cosh cos4
1 1

4
1 1l l

Dependent on the left or right part of the vi2, subscripts 1
and 2 should be exchanged.

In actual cases, as the complicated stresses work in steel
rods, the model of Fig. 7, strictly speaking, does not hold
good without axial deformations of rods. However, it can be
considered that small effects due to the axial deformation of
steel rods do, with miniscule axial deformation of rod, con-
tribute to influencing factors like the deflection of the steel
rods in the embedded parts and the bending moment of
steel rods at the interface. The aim of this model is to derive
the closed-form design equation as simply as possible. From
this perspective, it was considered that modeling of the
complicated stresses at work in steel rods more strictly
would be of little value, because the resultant equations
would be much more complicated. Thus, it was assumed
that the model of Fig. 7 held good with miniscule axial
deformation of rod.

The rotational angle of the moment-resisting joint was
defined using vi and ti as follows (Fig. 8):

    q q q= +1 2, (6)

where

    
q j

j

j

v

t
=

q is the rotational angle of the joint, q1 is the rotational angle
of the column, and q2 is the rotational angle of the beam.

The total moment Mo was defined as the sum of the
moments caused by the lateral force component in each rod.

Therefore, the rotational stiffness Rla due to lateral force
component of the rods was found to be:

      

R

B G C A C H D

B F H D E C A G C

i

i i

i i i i

la sEI= ⋅

−( ) + + +( )
− −( ) + −( ) + −( )

∑2

2

2 1

1
2

2
2

1
2

2
2

1 2 1
2

l

l l
l l l l

(7)

Contribution of the axial force component

For the moment caused by the axial force component Ma,
the model of Komatsu et al.5 was modified to this situation.
Similar to the previous model,5 strain at the i-th steel rod eit

is expressed as:

      
e l

ri
ig

it = − =( )1 2, (8)

where gi is the distance from the compression of the outer
surface to the center of the i-th steel rod line (i = 1,2), l is
the distance from the compression of the outer surface to
the neutral axis (N-N), and r is the radius of curvature.

Putting Eit as an apparent modulus of elasticity along the
i-th steel rod line, the stress corresponding to the strain eit is:

      
s e

l
ri i i i

iE E
g

it t t t= ⋅ =
−( ) =( )1 2, (9)

M

Qi1 (0) = 0 Qi2 (0) = 0

Mi1 (0) = 0 Mi2 (0) = 0

Mi1 (tij ) = Mi2 (tij ) = Mai

i1 (tij ) = i2 (tij )

Qi1 (tij ) = Qi2 (tij )

0 0 xx

y y
q q

Fig. 7. Boundary conditions M

M

1 2

1
2

the axis of beam before rotation

the axis of column before rotation

q

q

q
q q

Fig. 8. Definition of rotational angle on glued-in rod (GIR)
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In the model of Komatsu et al.,5 only one member
was considered using a symmetry condition; however,
the situation considered in this case is nonsymmetrical.
Thus, using the relative slip of GIR between beam
and column, the whole joint was considered. Eit was substi-
tuted with a series system of an apparent modulus of
elasticity along the i-th steel rod line of beam and column
Eith.

On the other hand, strain at the outermost surface of the
compression side ec is:

    
e l

rc = (10)

Here, at the contact areas of both members, compression
perpendicular to the grain of the column and compression
parallel to the grain of the beam occur. Because the
modulus of elasticity perpendicular to the grain is very
small compared with that parallel to the grain, the com-
pression perpendicular to the grain is dominant. Thus, in
this model, compression parallel to the grain was assumed
as rigid, and all embedment at the contact area was
caused by compression perpendicular to the grain of the
column.

Putting E90 as the modulus of elasticity perpendicular to
the grain of the glulam member, the stress corresponding to
the strain ec is:

      
s l

rc E= 90 (11)

The resultant compression force due to embedment of each
member C is:

      
C b

y
dy

bE= =∫ l
s l

r
l

0

90
2

2c (12)

The resultant compression force C, which is to be sustained
by the i-th rod line is:

      
C A n

E A n h g
i i i i

i i ii= ⋅ ⋅ =
− −( )[ ]s

l
rt d

th d (13)

The resultant tensile force Ti which is to be sustained by the
i-th rod line is:

      
T A n

E A n g
i i i i

i i ii= ⋅ ⋅ =
−( )s

l
rt d

th d (14)

where Aid is the cross-sectional area of the steel rod belong-
ing to the i-th line, n is the number of s belonging to the i-th
steel rod line.

Similar to the deviation of the model of Komatsu et al.,5

the rotational rigidity Rj due to the axial component could
be derived as:

      
R g g n Kj i i i i

i

= −





−( )
=
∑ l l

31

2

s (15)

where

      

l b b m b

m

= − + + =

=
−( ) −

=
+

∑

∑ ∑
a a a a

i i

a
i i i i i i

i
i i

i i

K n

bE

K n g h K n g

bE

K
K K

K K

2

90

90

1 2

1 2

2 2

, ,

,

,

s

s s

s
s s

s s

and

 

Ksi is the relative axial slip modulus of glued-in steel rod
between beam and column, Ksi1 is the axial slip modulus of
glued-in steel rod in beam, Ksi2 is the axial slip modulus of
glued-in steel rod in column, and l is the neutral axis.

Combined bending moment due to axial and lateral
deformation components

The moment capacity of the moment-resisting joint was
defined as the sum of the moment due to axial and lateral
components for the same rotational angle. Assuming super-
position of both contributions is valid:

    M M M= +a o (16)

Strength of glued-in rod

Using Eq. 4, the shear force Pi of each rod at the interface
introduced by the applied moment and applied shear force,
on splitting failure due to glued-in rod, could be derived as:

      
P

M E D H F BH

B G C A D F H

P
ni

i

i

i i

i i

= − ⋅
+ −( ) −

−( ) + − −( ) +2 2

2
2

1
2

1 2

2
2

1
2

l
l

l l
l l

(17)

where P is the applied shearñ7orce, and n is the number of
steel rods.

At the circle zones in Figure 9 (defined as the panel
zone), the internal moment distribution is changed remark-
ably when compared with the exterior. This results in the
shear stresses being concentrated. Therefore, the panel
zone was taken as an area prone to shear failure.

      M th t= t wood 1 2 (18)

Fig. 9. Panel zones in GIR
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where l1i is the inserted length of the i-th rod.
In terms of the criteria of the axial shear stress compo-

nent of rod, the model of Komatsu et al.5 was modified.

      
M q n g n g

g
gmax max= −





+ −





−
−


















−1 1 1 2 2

2

13 3
l l l

l
(19)

      
M q n g

g
g

n gmax max= −





−
−







+ −
















−2 1 1

1

2
2 23 3

l l
l

l
(20)

where q1-max is the maximum pull-out strength of steel rod.

Theory proposal for the cross-lapped joint

Concept

Two main torsion theories exist: Coulomb’s torsion theory
and Saint Venant’s torsion theory.6 One may think that the
torsion of glue lines can be explained using Coulomb’s tor-
sion theory, because the glue lines can be considered to be
very thin. According to Goodier’s hypothesis,6 the torsion
of arbitrary cross section with infinitely small length can be
explained using Coulomb’s torsion theory. However, be-
cause the modulus of elasticity and the rigidity of timber are
not high when compared with those of the adhesive, the
adhesive will force local deformation of the timber very
close to the glue line. When the stress distribution in
the glue line area is considered, it cannot be assumed that
the effective widths of the glue lines are infinitely small.

Therefore, it is questionable whether the stress distribu-
tion at the glue line area can be explained using Coulomb’s
torsion theory. It was assumed that the effective width of
the timber subjected to the torsion of glue line areas was
not large enough to apply Saint Venant’s torsion theory.
Actually, it can be assumed that the stress distributions of
most wooden glued joints have the characteristics of both
theories.

The characteristic of Saint Venunt’s torsion theory is
that the stress at the shorter sides is much higher than that
at the longer sides. Kelvin and Tait7 found the necessary
condition of this phenomenon. According to Kelvin (and
demonstrated by Timoshenko and Goodier6), half the
torque was due to the x-components of the shear stress and
the other half to the y-components in Saint Venant’s torsion
theory. To extend Kelvin’s hypothesis, a hypothesis was
made that the moment due to x-components of shear forces
is equal to that due to y-components.

    
M M M Mx yt t= =1

2
1
2

, (21)

The characteristic of Coulomb’s torsion theory (based on
Goodier’s hypothesis) is that the stress distribution is pro-
portional to the rigid body displacement of the members. A
hypothesis was made that the stresses in the glue line are
initiated by the displacements of the members due to the
bending and shearing deformation of timber. The theory for
torsion was derived using these hypotheses.

The parameters that play roles in the deformations were
identified. An overview of the mechanical model for a CLJ
is shown in Figs. 10 and 11, which show all possible defor-
mations. It can be considered that the glue line areas are
very thin and brittle, and do not contribute to joint rotation.
The glue line areas were assumed to behave as rigid bodies,
not because the glue lines are much more rigid than the
timber, but because the glue lines are too thin and brittle to
contribute to joint rotation.

Therefore, only the bending and shear deformation of
timber were considered as the deforming components of the
glued joint. The bending and shear deformation of each
member at the panel zone was assessed using elementary
beam theory.

Timber deformation

As the bending moment is transmitted from one member
into another member at the panel zone, the bending
moment of the panel zone changes along the length of the
member. Shear force is also transmitted. To simplify the

Fig. 10. Overview of mechanical model of cross-lapped joints (CLJs)

Fig. 11. Deforming components in CLJs
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analyses, the distribution of the shear stresses was assumed
constant. First, the shear deformations of the panel zone djs,
focusing on the timber member only, could be derived as
follows:

      
d bj

j

j j j j
j

M

G t b h
xs a= (22)

where, Gj is the shear modulus of the j-th member, tj is the
thickness of the j-th member, bj is the height of the j-th
member, hj is the length of the panel zone of the j-th mem-
ber, and ba is an undetermined coefficient.

Timber bending deformations at the panel zone, using
elementary beam theory, could be expressed:

      
Q x

M

h

d

dxj j
j

j

j

j

( ) = = =
3

3

d
a constant (23)

Assuming that the deformation center of the panel zone,
i.e., the rotation center for bending deformations and the
shear center for shear deformations, corresponds to the
geometrical center of the panel zone and does not deform.
For this case, the following boundary conditions are valid:

      Mj j j0 0 0 0 0 0( ) = ( ) = ( ) =, ,d qand (24)

With these boundary conditions and Eq. 23, the deflections
of the beam due to bending moment dj (xj) can be derived as
follows:

d bj j j
j

j j j
jx

M

h E I
x( ) =

6
3 (25)

As illustrated in Fig. 10, superposition gives the total dis-
placement as:

d b b bt a a= + +






M

G t b h
x

M
G t b h

x
M

h E I
xj

j j j j
j j

j

j j j
j

2

2 2 2 2
2

3

6 (26)

where bj is an undetermined coefficient.
The next step is to determine the influence of the glue

line deformation and how the shear stresses are distributed.
Compatibility between the glue line and the timber member
at the panel zone was considered. As mentioned earlier, the
glue lines do not contribute to the deformation because
it is assumed that it is infinitely stiff; therefore, the timber
deformation in the panel zone close to the glue line area
is restrained by the glue lines. Using this hypothesis,
it is assumed that the shear stresses in the glue line tjx must
be in equilibrium with the shear stresses in the timber and
therefore relate to the deformation of the member. Follow-
ing this reasoning and from Eq. 26, tjx can be expressed,
introducing the new coefficient a, as follows:

t ajx
j j j j

j j
j

j j j
j

M
G t b h

x
M

G t b h
x

M

h E I
x= + +






2 2 2 2

3

6 (27)

where a is an undetermined coefficient, which prevents
timber deformation at the glue lines.

Because the resulting moment caused by the shear
stresses must be equal to the sum of moments caused by all
internal stresses, it follows:

    
M xdxdyjx= ∫∫ t (28)

Taking Eqs. 27 and 28, and eliminating a, tx, and ty, Eq. 29
can be obtained:
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Rotational stiffness of cross-lapped joints

Estimation of rotational stiffness of cross-lapped joints
was derived as follows. The apparent rotational de-
formation of a CLJ is the result of local deformation of
each member at the panel zone. To estimate this effect,
the energy method was used. The internal potential energy
of the panel zone was expressed as total energy U at the
joint:

      
U

M
EI

dx
G

dxdydz
h

= +∫ ∫
1
2

1
2

2

0

2g
(30)

Here, the influence of the glue lines must be considered in
order to explain why the CLJs with five layers were more
rigid than CLJs with three layers in the test results. It can,
focusing on the timber member, be considered that the glue
lines act to change the moment of the timber in the grain
direction at the panel zone. Therefore, it was assumed that
the direct effect of the glue lines was taken into account by
considering the moment distribution along the panel zone
length. However, there are certain differences between the
members with a single-sided glue line and double-sided glue
lines. It appeared as the effect of the thickness of the mem-
bers. Assuming that the stress distribution along the width
is constant, the average deformation along the width for
double-sided glue line members is half as large as that with
a single-sided glue line. This is related to the composition of
the layers as shown in Fig. 12. The relative effect of the
difference was taken into account afterward, introducing a
thickness-direction-effect factor to divide the deformation
of the member with two-sided glue lines by two single-sided
glue lines.

Using the above and Castilian’s first theorem, the rota-
tional stiffness R is derived as follows:
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Strength of cross-lapped joints

The maximum shear stress of the glue line must appear at
x = h1/2 and y = h2/2. Substituting x = h1/2 and y = h2/2 into
Eq. 29, the shear stress component of the glue line can be
expressed as:

      t j t yx yM M= =, (32)

where
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The resulting shear stress of the glue lines was calculated
using Eq. 33.

      
t t t j yi xi yi M= + = +2 2 2 2 (33)

Assuming the glued joints (glue line) fail in brittle fashion,
the maximum moment Mmax is determined when some-
where near the shear strength is reached, i.e., ty. Therefore,
Mmax is expressed as:

      

My
y=
+

t

j y2 2
(34)

As another failure criterion, the shear failure of the timber
at the panel zone was also taken into account (Fig. 13).

      M t h bi i i= ∑t wood (35)

where twood is the shear strength of timber, ti is the thickness
of the i-th effective layer, hi is the height of the i-th effective
layer, and bi is the length of the panel zone of the i-th
effective layer.

Finally, for the case in which the joint is stronger than the
members outside the panel zone area, the bending (and
shear) failure of the members must be considered. How-
ever, it is known that for timber members of rectangular
cross section, the shear strength is in most cases not govern-
ing factor and can therefore be ignored. In a CLJ, the ef-
fective thickness of each member at the interface is much
smaller than that at nonpanel zones because at the panel
zone some of the members are discontinuous. On the other
hand, when the distances between the interfaces are very
small, the strength cannot be predicted using the strength of

the timber (timber with defects). In the case of very thin
layers, the probability that the layer member at the inter-
face has large defects compared with the defects along the
beam is very small. For this reason, only the clear wood
strength sclear for this particular zone was used. Using el-
ementary beam theory, the equation for bending failure at
the panel zone was derived as follows:

      M Zb clear effective= s (36)

where Zeffective is the section modulus of effective layers.

Comparison between experiments and theory

The theory used in this study needs a number of basic
material properties as input values. For that reason, the
following parameters were determined for timber: E =
6.5GPa, G = 430MPa (G = E/15, E90 = E/25), and bearing
constant k (embedment), in this case, was double the com-
pression. Values calculated by Komatsu,8 included the
bending strength of clear wood 65MPa (according to the
old Japanese code), shear strength of glue line 4MPa, and
axial characteristics of GIRs: slip modulus of both inserted
in parallel and perpendicular to the grain 50kN/mm.9 Ac-
cording to Eurocode 5,10 the axial slip modulus of GIRs
parallel and perpendicular to the grain are equal. The lat-
eral strength of GIRs was calculated according to Blass
et al.,11 while the shear failure of the panel zone was based
on Noguchi and Komatsu.12

Figure 14a, b compares the strength and stiffness values
obtained by experiments with those from the proposed
theory. As shown in Fig. 14, the initial stiffness and the

glue line timber QQ
Q

1
2

Q
1
2 Q

1
2

Q
1
2

Fig. 12a–c. Concept of
deformation of CLJ. a Panel
zone, b single-sided glue line,
c two-sided glue line

Fig. 13. Panel zone of CLJ
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strength in joint types A, C, and E were well predicted by
the derived models. The strength criterion of CLJs (types A
and C) was bending failure of the interface, as shown from
experiment and theory. The strength of the joint with GIRs
(type E) was limited either by splits occurring at the panel
zone due to pulling out of the rod or by splitting failure
caused by the lateral load component of the rods in the test.
In Fig. 14c, the dashed horizontal line shows the value cal-
culated using the criterion for the lateral force component
of the rod, while the line of CAL shows that using the
criterion for the pulling components of the rod. The calcu-
lation showed that the splitting criterion due to lateral force
components in the rod was not governing, and that the
shear force reached around 70% of the shear capacity. In-
deed failure due to lateral force components in the rod
actually occurred in the test. It was thought that the lateral
component in the rod is a significant factor for stiffness and
strength estimation of the GIR joint. The calculation shows
that about 20% of the total stiffness could be accounted for
by the lateral force component in the rod.

Conclusions

Design methods of moment-resisting joints using glued-in
steel rods and cross-lapped glued joints are proposed. For
CLJs, the hypothesis was made that both the rotational
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Fig. 14a–c. Comparison of experimental results and estimated values
from the proposed theory. a Type A, b type C, c type E. EXP, experi-
mental result; CAL, calculated values by proposed theory; CAL.shear,
calculated strength by proposed theory considering only shear failure

deformation and the glue line stresses develop due to the
bending and shear deformation of the timber. In the GIR
joints, not only the axial force components of the rod but
also the lateral force component can be taken into account
using the theory of a beam on an elastic foundation. Com-
paring the results predicted by the theory proposed with the
experimental data for stiffness and strength of the CLJ and
GIR joint, it was concluded that the predicting ability of the
theory is very good. Based on the evaluation of the theory
and experiments, it was concluded that the lateral force
component in the rod is a significant factor in the stiffness
and strength estimation of joints with GIR.

A moment-resisting joint stronger than the connecting
timber members with the same cross section and stiff
enough to be assumed rigid could be made using CLJs with
three layers and GIRs. Therefore, it is thought that the
members connected with this type of joint can be assumed
as one solid member, disregarding the presence of a physi-
cal joint.
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