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ABSTRACT

Considering the glulam beam-column connection form and the number of bolts, monotonic loading test and
finite element analysis was carried out on 9 connection specimens in 3 groups to study the rotational performance
and failure mode of the connection. The test results revealed that compared with U-shaped connectors, T-shaped
connectors can effectively improve the ductility of connections, and the increase in the number of bolts can
reduce the initial stiffness and ductility of connections. By theoretical analysis, formulas for calculating the initial
stiffness and ultimate moment of connections were deduced. Subsequently, the moment-rotation theoretical mod-
el of connections was established based on the formulas, which were validated according to the test data and
simulation results. The proposed model can not only improve the current theoretical system of heavy-duty glulam
beam-column structure but also provide a theoretical basis for calculating the mechanical properties of the glulam
beam-column connection.
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1 Introduction

The heavy-duty glulam beam-column connection is usually inferior to timber structure itself in strength,
thereby leading to brittle failure of the connection [1,2]. Thus, the safety of glulam beam-column structure
mainly depends on the bearing capacity of connections in timber structures. Connections in glulam beam-
column structure are generally connected by steel plates and bolts [3–5]. The bolted connections
characterized by clear force transmission and easy installation [6] have some moment-resisting capacities.
As such, the connections can bear bending moment to a certain extent, showing the characteristics of
semi-rigid connections [7–9].

So far, scholars all over the world have done a lot of work on the bolted glulam beam-column
connection. Lam et al. [10] conducted monotonic and cyclic loading tests on T-shaped bolted beam-
column connections with slotted steel plates. The test results showed that there exists dowel bearing
pressure and splitting perpendicular to the grain when the connections fail. Shu et al. [11] conducted a
comprehensive study on the rotational performance of bolted connections with slotted steel plates and put
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forward the formulas for calculating the bearing capacity and initial stiffness of connections. Wang et al. [12]
focused on studying the combined action of bending moment and shear force caused by semi-rigid
connections. The results revealed that with the increase in shear-moment ratio, the additional bending
moment of connections decreases and the shear capacity increases. Li et al. [13], based on the above
research, studied the rotational performance of bolted glulam beam-column connections with slotted steel
plates under the combined action of bending moment and shear force by monotonic loading test, and
proposed a theoretical calculation method for connection bearing capacity, providing the basis for
connection design. Zhang et al. [14] studied the impact of cracks on the performance of bolted
connections. It is found that initial cracks will not only reduce the flexural bearing capacity and initial
stiffness of connections but also affect the ductility of connections.

Based on the existing research, three different forms of glulam beam-column connections were
designed, and theoretical formulas of the initial stiffness and ultimate moment of connections were put
forward. Additionally, the moment-rotation theoretical model of connections was established based on the
formulas. The proposed theoretical model can not only improve the current theoretical system of heavy-
duty glulam beam-column structure but also provide a theoretical basis for calculating the mechanical
properties of the glulam beam-column connection.

2 Test Profile

2.1 Material Performance
The test involves three different materials, that is, glulam, steel, and bolts. For steel plates, the thickness

is 6 mm, the strength grade is Q235B, the yield strength is 235 MPa, and the elastic modulus is 2.06 ×
106 MPa. For bolts, the diameter is 10 mm, the grade is 8.8, the yield strength is 640 MPa, and the
elastic modulus is 2.06 × 106 MPa. The glulam is made of Larix dahurica, which is the raw material,
with a material class of IIa. In order to determine the mechanical property parameters of the timber, the
mechanical property tests were conducted on timbers according to GB/T 1928-2009 [15], GB/T 1935-
2009 [16] GB/T 15777-2017 [17], GB/T 1939-2009 [18] and ASTM D5764-97a [19]. The average
values of this batch of Larix dahurica are as follows, the density is 670 kg/m³, the moisture content is
11.23%, the compressive strength parallel to the grain is 55.34 MPa, and the elastic modulus parallel to
the grain is 12692.10 MPa. Additionally, the compressive strength perpendicular to the grain is
7.94 MPa, and the local compressive strength perpendicular to the grain is 9.80 MPa. Grade 8.8 bolts
with a nominal diameter of 10 mm were adopted in the test, with the embedment strength parallel and
perpendicular to the grain are 39.29 and 25.29 MPa, respectively.

2.2 Specimen Design
The glulam beam with a cross sectional dimension of 100 mm (width) × 150 mm (depth) × 1000 mm

(length). The glulam column was adopted as column member, with a cross sectional dimension of 100 mm ×
100 mm × 1200 mm (depth).

Three groups, a total of 9 glulam beam-column connections, were designed for the test, which was
numbered JM1, JM2, and JM3 in succession. For specimen parameters and specific structures, please
refer to Table 1 and Fig. 1 in detail. Column members were connected to the beam ends through outer
steel plates and connectors. The bolts crossed the beam and column members to enhance the mechanical
performance of connections. The ends of the bolts connecting the beams and columns were embedded at
the beam ends. Before the assembly of specimens, round holes were drilled at the beam ends in advance,
with a diameter of 20 mm and a depth of 10 mm.
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Table 1: Parameters of connection specimens

Group Number of specimens Number of bolts Connection form Variable

JM1 JM1-A~JM1-C 4 T-shaped connection Connection form

JM2 JM2-A~JM2-C 4 U-shaped connection Connection form

JM3 JM3-A~JM3-C 6 U-shaped connection Number of bolts

Figure 1: Details of connection specimens (Unit: mm)
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2.3 Test Program
The test device is composed of an outer counterforce frame, support structure, adjustment structure, load

sensor, and jack. To prevent the column members from slipping and twisting in the loading process, the upper
and lower ends of column members were fixed by loading connectors of the support structure. The jack
connected to the load sensor was placed at the upper end of the beam member, which could not only
reduce the preparations for test but also improve the test efficiency. The test loading diagram is shown in
Fig. 2.

According to the American test standard ASTM D1761-20 [20], the unidirectional uniform
displacement control loading method was employed in this test to apply a vertical load to the specimens
in two stages:

(1) Preloading: apply a load to the beam end of the connection at a speed of 2 mm/min to 10% of the
estimated ultimate bearing capacity, and unload after maintaining the load for about 2 min, to ensure
the good contact of various members of the connection and the normal use of the test device;

(2) Formal loading: set the loading speed at the formal loading stage as 5 mm/min, and apply the load
continuously until the connection obviously fails or the load drops to about 80% of the ultimate
bearing capacity.

2.4 Measurement Program
In an attempt to accurately measure the rotation angle between the beam and column, 4 LVDTs (linear

voltage displacement transducers), i.e., T1–T4, were arranged on the specimen, as shown in Fig. 3. T1 and T2

were used to measure the vertical displacement of the beam, while T3 and T4 were to measure the horizontal
displacement of the column. With the center of the side plate edge of the connector as the rotation center of
the connection, the bending moment and rotation angle of the specimen can be calculated based on the data
measured by the load sensor and LVDTs. The calculation formulas are as follows:

M ¼ FL

h ¼ D4 � D3

L
� D1 � D2

H

(
(1)

where, F is the concentrated load;H is the distance between the side plate edge of the connector and T4 before
test; H is the distance between T1 and T2 before test; Δn is the value of displacement measured by LVDT Tn.

Figure 2: Test loading diagram
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3 Test results and analysis

3.1 Test Phenomena
At the initial loading stage, the specimen was at the elastic stage, and the test phenomena of each group

of connections were basically the same, without obvious deformation. While the load was applied
continuously, the rotation angle of the specimen became increasingly larger, and the bending moment in
panel zone also increased gradually. The upper part of the contact surface between the connector side
plate and the column was in tension and the lower part was compressed. Thus, the contact surface on the
tension side gradually spread out, while the column on the compression side was visibly depressed and
deformed due to local compression, with a slight hiss. With the continuous increase in rotation angle,
the moment-rotation curve of the specimen entered the elastic-plastic stage. The contact surface on the
tension side between the connector side plate and the column was separated by tension. The fiber of the
column was cut off at the bottom on the compression side of the connector side plate and embedded in
the column. The upper bolt in the column was stretched, and the timber began to deform plastically.
There were slight differences in test phenomena of each group. At this stage, specimen JM1-C made a
crisp timber cracking sound, and it could be observed that there were horizontal cracks in the lower part
of the bolt hole on the compression side of the beam, as shown in Fig. 4, while the specimens JM2-A
and JM3-C were free from cracks, as shown in Fig. 5. At the later loading stage, the failure modes of
specimens were different. Cracks of the specimen JM1-C extended in parallel to the grain of the beam,
and the bolts around the bolt hole of the beam were obviously deformed under pressure. The connector
side plates of specimens JM2-A and JM3-C were embedded in the columns to a greater extent, the
crushing range was gradually enlarged, and the bolts around the bolt hole of the beam were less
deformed under pressure. Taking the specimen JM1-A as an example, after various members of the
connection were disassembled, it was found that the upper bolt in the beam was more deformed than the
lower bolt, and the plastic hinge of bolt 1 could be obviously observed. It is because the rotation center
of the connection moves down due to bending deformation of the bolts in the loading process of the
connection, and there is a longer distance between the upper bolt and the rotation center.

Figure 3: Layout of measuring points (Unit: mm)
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3.2 Moment-Rotation Curve
Moment-rotation curve is an important basis for measuring the performance of connections and is based

on the test data, as shown in Fig. 6. The curve goes through three stages, i.e., elastic, elastic-plastic, and
failure stages. As there is a certain initial gap between the bolt hole and the bolt, at the initial loading
stage, the performance of connections is mainly related to the gap between the bolt hole and the bolt, and
the stiffness is nonlinear. As the load increases gradually, the bolt hole and the bolt are in stable contact,
the connection enters the linearly elastic stage, and the load transfer path is gradually clear.

It can be seen through analysis of the load transfer path that when a vertical load is applied to the beam
end of the specimen, the load is mainly transferred from bolts in the beam to the connector, and the connector
continuously transferred the load to bolts in the column and the wooden column. Additionally, the stiffness is
basically stable and approximately constant. When the load increases to a certain extent, the curve shows
nonlinear growth, and the connection enters the elastic-plastic stage. At this stage, plastic deformation of
the glulam begins and develops continuously, and the connector and bolts are obviously deformed. The
connector edge on the compression side is embedded in the column, and the connection stiffness
decreases continuously. When the curve reaches the extreme point, it plummets and the connection fails.

3.3 Performance Analysis
Mechanical properties of the connection are mainly analyzed and evaluated based on initial stiffness K,

yield momentMy, yield angle θy, ultimate momentMu, ultimate angle θu, failure momentMf and failure angle
θf of the connection. As the connection stiffness was always changing, only initial stiffness at the elastic stage
was adopted for comparison. The initial stiffness of the connection was calculated as follows,

Figure 4: Test phenomena of T-shaped connections (a) Splitting perpendicular to the grain of the beam of
JM1-C (b) Dowel bearing of the beam of JM1-A (c) Bolt deformation of the beam of JM1-A

Figure 5: Test phenomena of U-shaped connections (a) Bending deformation of the connector of JM2-A (b)
Local crushing of the column of JM3-C (c) Bolt deformation of JM2-A
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K ¼ M40% �M10%

h40% � h10%
(2)

where,M40% andM10% are the bending moments corresponding to 40% and 10% of the ultimate momentMu
respectively. θ40% and θ10% are the rotation angles corresponding to M40% and M10%, respectively.

As there is no obvious demarcation point in the moment-rotation curve, it is difficult to determine the
yield point. Liu et al. [21] compared 5 methods for defining the yield point and ductility and found that
CSIRO [22] method could be used to accurately define the yield point and ductility degree of bolted
connections in timber structures. The yield point under the CSIRO method is defined as the point with a
rotation angle of 1.25 θ40% on the moment-rotation curve, as shown in Fig. 7.

Figure 6: Moment-rotation curve
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According to the moment-rotation curve of the connection, the mechanical property data obtained in
connection test are shown in Table 2.

As can be seen from the above table, the initial stiffness of connections in group JM1 approaches that of
connections in group JM2. But the ductility of connections in group JM2 decreases by 11.7% and the
ultimate moment increases by 4.15% compared with the parameters of connections in group JM1. It can
be considered that the two connection forms have little influence on the initial stiffness and ultimate
moment of connections, but the ductility of T-shaped connections is obviously better than that of
U-shaped connections. Moreover, the initial stiffness of connections in group JM3 decreases by 5.53%,
the ductility is reduces by 6.17%. With the increase in the number of bolts, both the initial stiffness and
ductility of connections will decrease accordingly, but the change of ultimate moment is not obvious.

4 Theoretical Analysis

4.1 Initial Stiffness
The rotation angle of the glulam beam-column connection studied in this paper is composed of the

following components:

h ¼ h1 þ h2 þ h3 þ h4 (3)

where, θ1 is the rotation angle of the column midpoint caused by bending deformation of the column; θ2 is the
rotation angle of the contact surface between the connector side plate and the column; θ3 is the rotation angle
caused by deformation of the connector; θ4 is the rotation angle of the contact surface between the beam end
and the connector side plate.

According to Eq. (3), the rotational stiffness corresponding to the above rotation angles is in series.
Thus, the rotational stiffness of connection is associated with each other as follows:

Figure 7: CSIRO method for defining the yield point

Table 2: Main mechanical properties of the specimen

Group Initial stiffness (kN·m/rad) Yield point Ultimate point Ductility factor

My (kN·m) θy (rad) Mu (kN·m) θu (rad)

JM1 61.26 2.644 0.045 5.272 0.153 3.400

JM2 61.09 2.630 0.048 5.491 0.146 3.042

JM3 57.71 2.745 0.052 5.525 0.149 2.865
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1

Keq
¼ 1

K1
þ 1

K2
þ 1

K3
þ 1

K4
(4)

where, Keq is the overall equivalent rotational stiffness of the connection; K1 is the rotational stiffness of the
column midpoint caused by bending deformation of the column; K2 is the rotational stiffness of the contact
surface between the connector side plate and the column; K3 is the rotational stiffness of the connector; K4 is
the rotational stiffness of the contact surface between the beam end and the connector side plate;

(1) Rotation angle and rotational stiffness of the column midpoint caused by bending deformation of the
column.

The mechanical calculation diagram of the connection is shown in Fig. 8. The bending moment diagram
of the column under actual load and unit virtual load is shown in Fig. 9.

According to the diagram multiplication of structural mechanics, the rotation angle and rotational
stiffness of the column midpoint caused by the bending deformation of the column are as follows:

Figure 8: Mechanical calculation

Figure 9: Bending moment diagram of the diagram of the connection column under actual load and unit
virtual load
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h1 ¼
Z

M �Mds

EIc
¼ Awyc

EIc
¼ MLc
16EIc

(5)

K1 ¼ M

h1
¼ 16EIc

Lc
(6)

where,M is the bending moment of the connection generated by actual loading force F of the beam, and �M is
the bending moment of the connection generated by virtual unit loading force of the beam. E is the elastic
modulus of the glulam, Lc is the height of the column, and Ic is the cross sectional inertia moment of the
column.

(2) Rotation angle and rotational stiffness of the contact surface between the connector side plate and the
column.

The following assumptions are made for the calculation of the contact surface between the connector
side plate and the column under the action of bending moment:

I The neutral axis of the contact surface between the connector side plate and the column is in tension
on the upper side, the side plate is separated from the column, and the separation distance is
proportional to the distance from the neutral axis;

II The neutral axis of the contact surface between the connector side plate and the column is compressed
on the lower side, the side plate is in close contact with the glulam column, and the embedding degree
is proportional to the distance from the neutral axis.

According to the above assumptions, the calculation diagram of the contact surface between the side
plate of the T-shaped connector and the column is shown in Fig. 10.

For the calculation of the rotation angle of the contact surface between the connector side plate and the
column, the bolt is axially deformed under force, and there exists a rotation angle of the side plate, leading to
local compressive stress at the contact surface of the column in the compressive zone. Therefore, the axial
deformation of the bolt is an important factor in the rotation angle of the side plate. According to EC3 [23],
the axial tensile stiffness of the bolt can be obtained as follows:

Figure 10: Calculation diagram of the contact surface between the side plate of the T-shaped connector and
the column (a) Side view of the connection deformation (b) Internal force diagram (c) Front view of the
compressive zone
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Kbo ¼ 0:8EboAbo

Lbo
(7)

where, Kbo is the axial tensile stiffness of the bolt, and 0.8 is the impact factor with consideration of the
prying force. Ebo is the elastic modulus of the bolts, Abo is the effective cross sectional area of the bolt in
tension, and Lbo is the effective crossing length of the bolt.

When both the tensile stress of the bolt and the maximum compressive stress perpendicular to the grain
is lower than the yield stress,

2Fbo ¼ BcðhD=2Þr
2

¼ BchDr
4

Fbo ¼ 0:8EboAboh2h1
Lbo

M ¼ 2Fboh1 þ BchDrðhD=3Þ
4

8>>>>>>><
>>>>>>>:

(8)

where, Fbo is the tensile force on the topmost bolt, Bc is the width of the connector side plate and hD is the
height of the connector side plate. σ is the maximum compressive stress on the column, and h1 is the vertical
distance from the topmost bolt to the midpoint of the side plate.

The following relational expression can be deduced from Eq. (8):

M ¼ 2Fboh1 þ 2FbohD
3

¼ 1:6EboAboh1
2h2

Lbo
þ 1:6EboAboh1hDh2

3Lbo
(9)

The rotation angle and rotational stiffness of the contact surface between the side plate and the column
can be obtained by the transformation of Eq. (9):

h2 ¼ 3MLbo
1:6EboAboh1 3h1 þ hDð Þ (10)

K2 ¼ M

h2
¼ 1:6EboAboh1 3h1 þ hDð Þ

3Lbo
(11)

(3) Rotation angle and rotational stiffness caused by deformation of the connector.

Based on Eq. (9), the relation between the bending momentM of the connection and the tensile force Fbo

of the bolt can be deduced as follows:

Fbo ¼ M

2h1 þ 2

3
hD

(12)

I For T-shaped connectors, the strip plate between the topmost two bolts of the connector side plate is
simplified as a simple supported beam. The width of the simple supported beam is the size of the bolt
hole, and the tensile force borne by each bolt is the reaction force of the simple support. As such, the
tensile force on the filler plate of the T-shaped connecting plate is 2Fbo, and the deflection deformation
in the midspan of the simple supported beam is:
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m ¼ 2FboL3e
48EsI

¼ 2ML3e

48Es
dt3

12
2h1 þ 2

3
hD

� �¼ ML3e

Esdt3 4h1 þ 4

3
hD

� � (13)

where, Es is the elastic modulus of the steel, and d is the size of the bolt hole, that is, the width of the simple
supported beam. t is the thickness of the connector side plate, and Le is the horizontal distance between the
topmost two bolts of the connector side plate.

According to the relation between the deflection and rotation angle, the rotation angle and rotational
stiffness caused by the deformation of the T-shaped connector can be acquired:

h3 ¼ m
h1

¼ ML3e

Esdt3h1 4h1 þ 4

3
hD

� � (14)

K3 ¼ M

h3
¼

Esdt3h1 4h1 þ 4

3
hD

� �
L3e

(15)

II For U-shaped connectors, the strip plate from the topmost bolts of the side plate of the U-shaped
connector to the outer edge is simplified as a cantilever beam. Then the deflection deformation at
the end of the cantilever beam is:

m ¼ FboL3s
3EsI

¼ ML3s

3Es
dt3

12
2h1 þ 2

3
hD

� �¼ ML3s

Esdt3
1

2
h1 þ 1

6
hD

� � (16)

The rotation angle and rotational stiffness caused by deformation of the U-shaped connector are obtained
as follows:

h3 ¼ m
h1

¼ ML3s

Esdt3h1
1

2
h1 þ 1

6
hD

� � (17)

K3 ¼ M

h3
¼

Esdt3h1V1
1

2
h1 þ 1

6
hD

� �
L3s

(18)

(4) Rotation angle and rotational stiffness of the contact surface between the beam end and the connector
side plate.

The bolts bear shear force under the action of torque, based on which the assumptions are made as
follows:

I The filler plate of the connector is absolutely rigid, and the bolt is elastic;

II The connector rotates around the edge center of the side plate, and the shear force on each bolt is
proportional to the distance ri from the bolt to the centroid, and its direction is perpendicular to
the connecting line ri.

The calculation diagram of the end beam and the connector is shown in Fig. 11.
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Based on the above assumptions, the following relation can be obtained:

VT1

r1
¼VT2

r2
¼ � � � ¼VTi

ri
¼ � � � ¼VTn

rn
(19)

where, VTi is the shear force of the ith bolt caused by torque, and ri is the distance from the ith bolt to the
centroid.

The relation between torque M and the shear force is further deduced from Eq. (19), as shown
below:

M ¼ VT1r1 þ VT2r2 þ � � � þ VTiri þ � � � þ VTnrn

¼ ðVT1=r1Þr21 þ ðVT2=r2Þr22 þ � � � þ ðVTi=riÞr2i þ � � � þ ðVTn=rnÞr2n
¼ VTi

ri

Xn
i¼1

r2i

(20)

Eq. (20) can be further transformed as follows:

M ¼ VTi

ri

Xn
i¼1

r2i ¼
KiDi

ri

Xn
i¼1

r2i ¼ Kih4
Xn
i¼1

r2i (21)

where, Ki is the slip modulus, and Δi is the slippage between the bolt and bolt hole.

Further, the following relational expression can be acquired:

M

h4
¼ Ki

Xn
i¼1

r2i (22)

According to the European Standard EN 1995-1-1 [24], the impact of moisture content is taken into
account, and the formula for calculating the slip modulus of the connection is provided as follows:

Ki ¼ Kser

1þ Kdef
(23)

where, Kdef = 0.6 is the moisture content parameter and Kser is the slip modulus.

Figure 11: Calculation diagram of the end beam and the connector (a) Side view of the connection
deformation (b) Force decomposition diagram of a single bolt
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The slip modulus Kser1 of the single shear surface of each bolt can be calculated by the following formula
[25,26]:

Kser1 ¼ 2qu1d
l2

(24)

where, ρ is the wood density. u1 and μ2 are regression coefficients, in which u1 = 1.5 and μ2 = 23 as stipulated
in European Standard EN 1995-1-1.

Connections in this paper are double shear connections, and the formula for calculating the slip modulus
Kser of each bolt is as follows:

Kser ¼ 4qu1d
l2

(25)

By substituting Eq. (25) into Eq. (22), the rotation angle and rotational stiffness of the contact surface
between the beam end and the connector side plate can be worked out as follows:

h4¼M

Ki
¼ 1þ Kdefð Þl2M

4qu1d
Pn
i¼1

r2i

� � (26)

K4 ¼ M

h4
¼

4qu1d
Pn
i¼1

r2i

� �
1þ Kdefð Þl2

(27)

4.2 Ultimate Moment
The failure modes of T-shaped and U-shaped connections are the bearing failure of dowels around the

bolt hole of the beam and the bearing failure of the column in panel zone. The ultimate moments of
connections corresponding to the two failure models are deduced respectively as follows:

(1) Bearing failure of dowels around bolt hole of the beam.

Bolts of the connector filler plate and the beam bear the shear force caused by vertical load and torque at
the same time. The resultant shear force on each bolt is as follows:

Vi¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2
Tix þ VTiy þ VFi

� �2q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2
Ti þ 2VTiyVFi sin ai þ V 2

Fi

q
(28)

where, VTix is the horizontal component of shear force caused by torque and borne by the ith bolt, while VTiy is
the vertical component. VFi is the vertical force caused by vertical loading force and borne by the i

th bolt and
αi is the angle between the perpendicular line of the connecting line from the ith bolt to the centroid and the
vertical direction.

The resultant shear force caused by torque available from Eq. (32) is as follows:

VTi¼ MriPn
i¼1

r2i

(29)
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The formula for calculating the vertical force VFi caused by the vertical load F is as follows:

VFi¼F

n
(30)

where, F is the vertical load borne by the beam, and n is the number of bolts of the beam.

As can be seen from Eq. (32), the direction of resultant shear force on the bolt is not uniquely
determined, while the shear failure of the bolts of beam is related to the bearing strength of the beam,
and the bearing strength is associated with the diagonal angle. The embedment strength at the diagonal
angle of θ1 can be calculated according to the European Standard EN 1995-1-1:

k90 ¼ fe0
fe90

(31)

feu1 ¼ fe0
k90sin

2hþ cos2h
(32)

where, fe0 is the embedment strength parallel to the grain of the beam, fe90 is the embedment strength
perpendicular to the grain of the beam, and feθ1 is the embedment strength at the diagonal angle of θ1.

According to the European Standard EN 1995-1-1, the standard value Fk of the bearing capacity of
single shear surface of the T-shaped connections at the diagonal angle of θ1 can be calculated by the
following formulas:

Fk;Is ¼ feu1dT (33)

Fk;III;s ¼ feh1dT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 4My;b

feh1dt2

s
� 1

 !
(34)

Fk;IV ¼ 2:3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
My;bfeu1d

p
(35)

Fk ¼ min Fk;Is; Fk;IIIs; Fk;IV

� �
(36)

My;b ¼ 0:3fud
2:6 (37)

Mu¼FkL (38)

where, Fk,Is, Fk,IIIs and Fk,IV are standard values of the bearing capacity of single shear surface under yield
modes Is, IIIs and IV, respectively. T is the thickness of single shear surface of the beam. My,b is the flexural
yield moment of bolts of the beam, and fu is the ultimate tensile strength of bolts of the beam.

(2) Bearing failure of the column in panel zone.

The ideal elastic-plastic constitutive model is generally adopted for the stress-strain relation between the
timber and the steel. As can be seen from the calculation diagram in Fig. 12, when the maximum compressive
stress of the contact surface between the connector side plate and the column exceeds the compressive yield
strength perpendicular to the grain of the timber, there is a relation between the bolt force and the bending
moment of the connection, as shown below:

2Fbo ¼ BchDfc1
4

þ gBchDfc1
4

M ¼ 2Fboh1 þ Bch2Dfc1
12

þBch2Dfc1g
12

� Bch2Dfc1g
2

24

8><
>: (39)
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where, η is the compressive yield altitude coefficient perpendicular to the grain in panel zone of the column, which

is between 0 and 1.
ghD
2

is the compressive yield altitude perpendicular to the grain in panel zone of the column.

When η, the compressive yield altitude coefficient perpendicular to the grain in panel zone of the
column, is set as 1, and the tensile stress of the bolt in tension is lower than the yield stress of the bolt,
that is, the bolt in tension has not yet yielded, the column in panel zone reaches the ultimate state, and
the ultimate moment can be calculated by Eq. (39) as follows:

Mu ¼ Bch1hDfc1
2

þ Bch2Dfc1
8

(40)

4.3 Moment-Rotation Theoretical Model
Yee et al. [27] established a four-parameter exponential model of the relation between the bending

moment and rotation angle of the bolted semi-rigid connection. The formula of the said model is as
follows:

M ¼ Mp 1� e
�ðK�KpþchÞh

�
Mp

� 	
þ Kph (41)

where,Mp is the plastic flexural capacity, K is the initial stiffness, Kp is the strain hardening stiffness, and c is
a shape parameter.

Based on the assumptions and ignoring the strain hardening stage of the steel, the above parameter
model can be simplified to a three-parameter exponential model [28]:

M ¼ Mu 1� e�ðKþchÞh
�
Mu

� 	
(42)

The three-parameter exponential model is of four characteristics, as shown below:

(1) When h ¼ 0,M ¼ 0, that is, the curve of the three-parameter exponential model passes through the
origin;

(2) When h ¼ 0,
dM

dh
¼ Keq, that is, the rate at the origin of the curve of the three-parameter

exponential model is equal to the initial rotational stiffness of the connection;
(3) When h ¼ hu, M ¼ Mu, that is, the curve of the three-parameter exponential model passes through

the ultimate point;

Figure 12: Calculation diagram of stress change of the contact surface between connector side plate and the
column
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(4) When h ¼ hu,
dM

dh
¼ 0, that is, the rate of the curve of the three-parameter exponential model at the

ultimate point is 0.

In Eq. (42), c is a shape parameter, and its specific value can be determined by test data regression.

5 Finite Element Analysis

5.1 Modeling
The finite element model of connection is established based on Abaqus software. The connection

consists of four parts, i.e., glulam beam and column, connector, outer steel plate, and bolt. Numerical
models are all established based on the actual dimensions, with unified units. To ensure the accuracy of
model materials, the connection is partitioned, including four parts, namely, timber outside dowel bearing
area, timber in dowel bearing area, bolts, and steel plates, as shown in Fig. 13.

Timber is a heterogeneous material, and the reasonable definition of timber properties is the basis of
finite element model calculation. When defining the timber properties, the defects of the material itself are
ignored, and it is simplified as an elastic-plastic anisotropic material under compression. Please refer to
Table 3 [29] for material performance parameters. Existing studies show [30] that pre-drilling of the
timber will cause damage to the timber in surrounding areas, causing the elastic modulus and stiffness of
the timber in surrounding areas to be far lower than those of the timber in other areas. In view of the
impact of the said damage, Hong [31] put forward a dowel bearing model reducing the area around the
bolt hole. Due to the small edge distance of the bolt of test connection, there will be a great number of
irregular elements in network partitioning proposed by Hong, which will affect the calculation results. To
ensure the convergence and accuracy of the model, the dowel bearing area is set as a square with a side
length of 40 mm, as shown in Fig. 13. Please refer to Table 4 for the specific parameters of mechanical
properties of the timber in dowel bearing area.

Timber outside dowel bearing area

Timber in dowel bearing area

Bolts

Steel plates

Figure 13: Partitioning schematic diagram of finite element model materials

Table 3: Mechanical property parameters of the material outside dowel bearing area

Elastic modulus (MPa) Poisson ratio Shear modulus (MPa)

EL ER ET vLR vLT vRT GLR GLT GRT

12690 954.14 528.75 0.3 0.3 0.5 954.14 793.23 46.54
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Structured mesh is adopted to divide the parts that have been cut into regular geometric shapes in each
component, while swept mesh is employed for the parts that cannot be cut into regular shapes. All elements
are hexahedral elements C3D8R. In addition, the interactions among various components are defined by
setting the contact relation. Please refer to Table 5 for the specific contact relation. Boundary conditions
are subject to the actual test conditions, and both upper and lower ends of the column are fixed and
constrained, that is, all degrees of freedom in three directions is restricted. As the displacement control
mode is adopted in the connection test, the same loading mode should also be applied in the model,
namely, setting a reference point at the center of loading surface, and achieving the control of loading
surface by controlling the displacement of the said reference point. Meanwhile, to avoid rigid
displacement of connections, the displacement and rotation of connectors along the bolt length direction
of the beam shall still be constrained.

5.2 Simulation Results and Analysis

5.2.1 Stress Distribution
Specimens in group JM1 are taken as an example, and the corresponding stress contour is as shown in

Fig. 14. It can be observed from the figure that the stress on glulam beam-column members is small, and the
stress on the connector spreads out from the bolt hole. The parts with the maximum stress on bolts are all
connected to connectors, that is, the middle part of the bolt in beam bears the maximum stress, and a
plastic hinge is formed. However, the part with the maximum stress on the bolt in column is on the right
side of the bolt, but the bolt is free from obvious bending deformation, which is consistent with the
phenomena of bolt in the test. Moreover, the edge of the connector side plate on the compression side is
embedded in the wooden column, and the bolt at the bottom of the column is slightly pushed out, which
is consistent with the test phenomena.

Table 4: Mechanical property parameters of the material in dowel bearing area

Elastic modulus (MPa) Poisson ratio Shear modulus (MPa)

EL ER ET vLR vLT vRT GLR GLT GRT

1823.44 783.65 786.65 0.3 0.3 0.5 783.65 649.85 39.2

Table 5: Interactions between contact surfaces

Contact Master surface Slave surface Contact property Contact stiffness (N/mm) Friction coefficient

Bolt-bolt hole Bolt Inside of bolt hole Hard – 0.2

Connector-column Connector Column Soft 2 0.1

Connector-beam Connector Beam Soft 2 0.1

Steel plate-column Steel plate Column Hard – 0.3

Nut-steel plate Inside of nut Steel plate Hard – 0.3
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5.2.2 Performance Analysis
The test values, theoretical values, and simulation values of the ultimate moment and initial stiffness of

all connection specimens are listed in Table 6. As can be seen from the table, the difference between the test
value and theoretical value of initial stiffness is −3.50%~19.52%, and the difference between the test value
and simulation value is −14.21%~0.90%. Additionally, the difference between the test value and theoretical
value of the ultimate moment is 2.09%~19.52%, and the difference between the test value and simulation
value is −1.88%~3.47%. The above differences are all within the reasonable range.

Figure 14: Stress distribution of Group JM1

Table 6: Performance comparison of the test results, theoretical analysis and numerical simulation

Parameter Group Test
value

Theoretical
value

Simulation
value

Theoretical
difference (%)

Simulation
difference (%)

Initial JM1 61.26 73.22 61.81 19.52 0.90

Stiffness JM2 61.09 58.95 67.24 −3.50 10.07

(kN·m/rad) JM3 57.71 58.95 49.51 2.15 −14.21

Ultimate JM1 5.27 5.16 5.46 2.09 3.47

Moment JM2 5.49 5.70 5.79 4.01 5.41

(kN·m) JM3 5.53 5.70 5.42 3.07 −1.88

Figure 15: (Continued)
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The test curve, theoretical curve, and simulation curve of specimens are shown in Fig. 15. As can be seen
from Fig. 15, there is a big difference between theoretical and simulation values and the test values of initial
stiffness. It is mainly because the timber adopted in test has different properties, while the timber used for
theoretical analysis and numerical simulation is an ideal anisotropic material, ignoring the impact of its
defects. On the whole, the test curve, theoretical curve, and simulation curve of each group of specimens
are in good agreement. Therefore, the proposed method for calculating the initial stiffness and ultimate
moment of connections in this paper is feasible.

6 Conclusions

In this paper, the monotonic loading test is conducted on 3 groups of glulam beam-column connections,
a total of 9 connections, with the number of bolts and connection forms as variables, to systematically study
various properties of connections under the combined action of bending moment and shear force. The
conclusions are mainly drawn as follows:

(1) The moment-rotation curve of connection specimens can be roughly divided into three stages, i.e.,
elastic stage, elastic-plastic stage and failure stage. At the initial loading stage, the connection enters
the linearly elastic stage; the stiffness is basically stable and approximately constant. When the load
increases to a certain extent, the curve shows nonlinear growth, and the connection enters the elastic-
plastic stage. At this stage, plastic deformation of the glulam begins and develops continuously, and
the connector and bolts are obviously deformed. The connector edge on the compression side is
embedded in the column, and the connection stiffness decreases continuously. When the curve
reaches the extreme point, it plummets and the connection fails.

(2) For connections of the same form, with the increase in the number of bolts, the initial rotational
stiffness and ductility of connections decrease by 5.53% and 6.17%, respectively. With the same
number of bolts, the change of connection form has little influence on the initial rotational
stiffness of connections. However, the ductility of U-shaped connections decreases by 11.7% and
the ultimate moment increases by 4.15% compared with the parameters of T-shaped connections.

(3) In this paper, based on the theories of material mechanics and structural mechanics, the calculation
methods of initial stiffness and ultimate moment of connections and the theoretical model of
moment-rotation are proposed. It is found that the theoretical results are consistent with the test

Figure 15: Moment-rotation comparison curve
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results and numerical simulation results, which further validates the correctness of the theories
proposed in this paper.
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