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PSEUDO-STATIC TEST OF STEEL-GLULAM
COMPOSITE BEAM-TO-COLUMN EXTERIOR JOINTS

SHAOWEI DUAN!, XINGLONG LIU?, JIAN YUAN3, ZHIFENG WANG*

Steel-glulam structure is a new type of composite structure,glulam have lateral support effect on steel plate, that
can prevent premature buckling of steel plate and improve the stability of steel structure. In order to study the
influence of column’s cross-section form on the seismic performance of steel-glulam composite beam-to-column
exterior joint, the column’s cross-section form was taken as the basic variable (glulam rectangular section ,
H-beam section and H-beam-glulam rectangular section were used respectively). The pseudo-static tests of three
composite beam-to-column joints were carried out to observe the different failure modes, and obtain the
mechanical performance indexes. The experiment results demonstrated that: The energy dissipation capacity of
beam-to-column exterior joint composed of glulam column was the worst, the ultimate bearing capacity and
stiffness were the lowest. The ultimate bearing capacity of the exterior joints formed by the H-beam column and
the H-beam-glulam composite column were both high, and their ductility coefficients were similar, while the
former had better energy dissipation capacity.
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1. INTRODUCTION

With the rapid development of the construction industry, the pollution of reinforced concrete
structure building to the environment is more and more obvious.The development of green building
has become an inevitable trend in the future. The timber as a traditional building material, it has
many advantages: naturally renewable, low energy consumption, degradable, and low pollution.
The wood structure in line with the global sustainable development strategy of building energy
conservation and environmental protection[1]. At the same time, steel structures are widely used,
and they are an efficient, fast, and environment-friendly building. Steel has the advantages of high
strength, light weight, and good ductility, but under the same bearing capacity, the member is
slender and the plate is thin, so it is prone to overall instability or local buckling under earthquakes
[19]. If steel and timber are combined to form a steel-timber composite structure,the timber can play
a role of lateral support to the steel plate, which can improve the stability of the steel structure and
give full play to the strength of steel. At present, the international research on composite structures
mainly includes steel-concrete composite structures [2,14,20,15], timber-concrete composite
structures [4,21,10], and steel-timber composite structures. Among them, the research of
steel-timber composite structure is still in its infancy. The related research include: the bending
performance of steel-timber composite beams [3,6,12,8,17]; the experimental analysis of eccentric
compression performance of steel-timber composite columns [18]; the study on the static
performance of steel-timber composite connectors [9]. These tests and theoretical studies show that
the mechanical properties of steel-timber composite members have higher bearing capacity and
better stability than single-material members.The steel-timber composite members connected by
structural glue and bolts have better synergistic mechanical properties. Hiroshi Kuramoto et al.[11]
carried out an experimental study on the seismic performance of steel-concrete composite
beam-to-column joints, this kind of composite beams and columns were surrounded by a layer of
engineered wood. And they performed a finite element software simulation analysis. The research
results show that the joint has a strong energy consumption capability. The failure modes are

bending failure of beams and shear failure of joints. Nouri Farshid et al.[16] carried out an
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experimental study on the shear performance and negative moment bearing capacity of steel-timber
composite beam-to-column joints with shear tab. The results show that the ultimate bearing capacity
and ductility coefficient of steel-timber composite beam-to-column joints with shear tab are higher
than those of steel-concrete composite beam-to-column joints.

However, most of the current researches about steel-timber composite structures focus on the
mechanical properties of composite beams and columns, and few studies on steel-timber composite
joints. Therefore, three steel-glulam composite beam-to-column joints are designed and
manufactured in this paper. The energy dissipation capacity, ductility, stiffness, and bearing capacity
of the composite joints are analyzed through pseudo-static tests, and the test can provide a basis for

the study about the steel-timber composite frame.

2. EXPERIMENTAL INVESTIGATION

2.1. TEST SPECIMENS

In this test, three steel-glulam composite beam-to-column exterior joint test pieces were designed
and processed, presented in Fig.1(a). Each joint used the same steel-glulam composite beam, the
length of the beam was 800mm and the cross-sectional dimensions were 150mmx200mm. The
composite beams were made of two glulam boards with a steel plate in the middle to form a
rectangular cross-section beam, and two rows of bolts were used for fastening, as shown in Fig.1(b).
The cross-sections of the columns in the three steel-glulam composite beam-to-column exterior
joints were different. The cross-section of the column was a rectangular section of glulam in the JT
joint, the cross-section of the column was a H-beam section in the JS joint , and the cross-section of
the column was a H-beam-glulam composite rectangular section in the JSTC joint. Both JS and
JSTC joint used the Hot-rolled H-beam 200%200%8x6 (mm).The cross-sections of columns are
shown in Fig.2. The lengths of the columns were both 1500mm, and the cross-sectional dimensions
were 200mmx*200mm. The steel and timber in each joint were bonded with modified epoxy resin to

make the steel-glulam composite beam and column had better overall mechanical performance.
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Fig.1. The photo of composite joints and Cross-section form of composite beam: (a)The photo of composite
joints;(b)Cross-section form of composite beam
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Fig.2. Cross-section form of column in each joint:(a)JT joint ;(b)J S joint;(c)JSTC JOlIlt

The steel-glulam composite beam-to-column exterior joints were all connected by welding extended
end-plates and bolts, as shown in Fig.3. The steel plate, the end-plate and the H-beam were all made
of Q235 steel, and the timber was made of larch. The thickness of the steel plate in the steel-glulam
composite beam and the welded end-plate at the beam end were both 10mm. The core area of JS
joint was welded with 4 stiffeners, as shown in Fig.3(b). The performance grades of the fastening
bolts in steel-glulam composite beams were all grade 4.8 and the diameters were @8. The welded
end-plates were connected to the columns by 8 bolts, the bolt performance grades were all 10.9 and
the diameters were ¢12. Considering the compressive strength of timber was much lower than that
of steel, there was a gap of 20mm on the timber at one end of each steel-glulam composite beam, as
shown in Fig.3(a-c).The dimensions of the welded end-plates of each joint were exactly the same,as

shown in Fig. 3(d).
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Fig.3. The diagram of each joint: (a)JT joint; (b)JS joint; (c)JSTC joint; (d)the bolt hole layout of the

extended end-plate of each joint

2.2. MECHANICAL PROPERTIES OF MATERIALS

In the steel-glulam composite beam-to-column exterior joint test pieces, the glulam was glued from
the same batch of larch boards. The steel plates and H-beams were produced by the same
manufacturer, and the high-strength bolts used were the same batch of products. The fillet weld both
used E43 welding rod, and the ultimately tensile strength of the fillet weld was 240MPa[7]. We did
a test on the mechanical properties of wood and steel. The mechanical properties of timber and steel

are shown in Table 1.
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Table 1. Mechanical properties of timber and steel(MPa)

Materials E o f} Ju
Timber 12941 72.50 / /
Steel 2.03X10° / 260.41 399.88

Note. The values in the table both are the average of the material properties. £ represents the elastic
modulus ; o represents the flexural strength of the timber; f, represents the yield strength of the steel; f,

represents the ultimate strength of the steel.

2.3. TEST DEVICE

The test was conducted in the structural test hall . The hall was equipped with a reaction wall and an
electro-hydraulic servo loading system. Two concrete pedestals with embedded section steel were
customized for the beam-to-column joint test. In order to facilitate loading, the column was placed
horizontally on the concrete pedestal during the test. The left and right ends of the column were
fixed to the pedestals by box-shaped steel beams and high-strength bolts. The composite beam was
placed vertically, a horizontal load was applied to the end of the beam by an actuator. The
displacement range of the horizontal actuator was + 250mm, and the load range was + 250kN. The
arrangement of the displacement meter is shown in Fig.4. The magnetic table bases of the
displacement meters D1 and D2 were directly adsorbed on the column surface. The edge of the
magnetic table base was 160mm from the edge of the extended end-plate. The displacement
measuring rod was parallel to the column axis and 260mm from the column axis. The relative
rotation angles of beam-to-column joints were indirectly measured by the displacement meters D1
and D2. DI and D2 were symmetrically arranged with the axis of the composite beam to check
whether the composite beam was twisted under repeated loads. The displacement was automatically

collected by the DH3821 dynamic strain test system, the frequency of data collection was 2 Hz.

2.4. LOADING PROTOCOL

The load-displacement data of the beam end in the test piece were automatically collected by the

FTS electro-hydraulic servo loading system. The test loading was controlled by displacement.
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(a) The diagram of test devices

(b) The photos of test devices
Fig.4. The test devices

Each stage of the cyclic loading was repeated twice. The displacement loading of each stage was
increased by 3mm, and displacement loading was increased by Smm when the amplitude was
greater than 5Imm. The loading speed was 0.5mm/s within the amplitude range of 0-30mm, and
Imm/s when the amplitude was greater than 30mm. When the peak value of the test load dropped

below 85% of the ultimate load, the joint was regarded as failure and the loading was stopped.

3. TEST PHENOMENON AND ANALYSIS

The JT joint used glulam rectangular section column.When the displacement at the end of the beam
was loaded to 15mm, the bolt on one side of the joint received a tensile force, and this tensile force

was transmitted to the nut and the washer on the bottom of the timbered column through the screw.
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The timber in the washer area was damaged by the compression stress, the washer was trapped in
the timber, causing the outermost bolt to be pulled out slightly, and the end-plate was slightly lifted
and bent, as shown in Fig.5(a). When the displacement was loaded to 33mm, the bending of the
end-plate was large, the fillet weld cracked and the outermost bolt was obviously pulled out. The
timber around the washer was further crushed, as shown in Fig.5(b). When the displacement was
loaded to 61mm, about 3/4 of the end-plate was obviously lifted, the bolts were further pulled out,
the timber at the washer was severely crushed, and the surface timber fibers fell off, as shown in
Fig.5(c). At this time, the peak load at the end of the beam dropped below 85% of the ultimate load,
and the joint had been damaged.

The JS joint was composed of H-beam column. At the initial loading period, the JS joint was in the
elastic stage, and there was no obvious damage in the joint. When the load displacement at the end
of the beam reached 6mm, initial micro-cracks appeared at one end of the fillet weld of extended
end-plate, as shown in Fig.6(a). With the increase of the magnitude of the loading displacement,
micro-cracks appeared at both ends of the fillet weld, the width and length of the crack were
gradually increased. When the loading displacement was 21mm, the peak of test load decreased to
less than 85% of the ultimate load, the joint was damaged, and the fillet weld cracking is shown in
Fig.6(b). The cross section of the column at the JSTC joint was H-beam-glulam rectangular section.
The test phenomenon of the JSTC joint was similar to the JS joint, the fillet welds at the end-plate
were cracked, and the cracking of the fillet weld at the end-plate led to the ultimate failure, as
shown in Fig.6(c-d). During the entire loading process of JS and JSTC joints, except for the fillet
weld cracked at the end-plates, the other parts of the test specimens were not significantly damaged.

The above test results show that the compressive strength of the timber in the column and the
ultimately tensile strength of the fillet weld at the end-plate control the ultimately bearing capacity
of the JT joint. For the JS and JSTC joints, the ultimately tensile strength of fillet welds at the

extended end-plates controls their ultimately bearing capacity .
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4. TEST PERFORMANCE PARAMETER ANALYSIS

4.1. HYSTERESIS CURVE

Under the low cyclic reversed loading, the P-A hysteresis curve at the end of the beam is shown in
Fig.7(a-c). It can be seen that the central part of the hysteresis curve of the three beam-to-column
exterior joints has different degrees of pinching, and the hysteresis loop develops from an initial
shuttle shape to an inverse S-shape. Among them, because the JT joint used glulam columns and the
initial slip between the bolt and the bolt hole was the largest, so the central pinching of the

hysteresis loop was most obvious. The hysteresis loop of the JS joint was fuller than the JSTC joint.

Slightly lifting of
the end-plate

Initial crack of the
| fillet weld

! Further 11ft1ng of
=% ¥ the end-plate |

Ultimate crack of the

Seriously crushing of
fillet weld

i the timber

end-plate and the bolt

Fig.5. Failure phenomenons of JT joint: (a)Failure phenomenon when the displacement was 15mm;(b)Failure
phenomenon when the displacement was 33mm;(c)Failure phenomenon when the displacement was 61 mm.
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Fig.6. Failure phenomenons of JS joint and JSTC joint:(a)-(b) the crack of the fillet weld of JS joint;(c)-(d)
the crack of the fillet weld of JSTC joint.

With the increase of the number of loading cycles, the hysteresis curves of the three exterior joints
were gradually inclined to the displacement axis, this phenomena indicated that there was stiffness

degradation at each joint.

4.2. SKELETON CURVE

The skeleton curve is the line connecting the peak points of the first cyclic load in each stage of the
P-A hysteresis curve. The skeleton curves of the three joints are shown in Fig.7(d). It can be seen
that:

(1)The ultimate load of JT joint is about 23kN, JS joint is about 35kN and JSTC joint is about 34kN.
These ultimate loads are the average values of the ultimate load values of each joint under
forward and reverse loading.The ultimate bearing capacity of JT joint is the worst, and the
ultimate bearing capacity of JS and JSTC joints are better and similar.

(2)The skeleton curve of the JT joint has the smallest slope, which indicates that the joint composed

of glulam column has the lowest stiffness.The stiffness of JS joint and JSTC joint are similar.
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(3) Under the low cyclic reversed loading, the JS and JSTC joints have obvious yield points, and
they experienced the phases of elasticity, yielding, and destruction. While the JT joint had no
obvious yield point. The skeleton curves of JS and JSTC joints are basically coincident in the

elastic phase.
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Fig.7. P- A hysteretic curve and skeleton curve of each joint:(a)The P- A hysteretic curve of JT joint; (b)The
P- A hysteretic curve of JS joint;(c)The P- A hysteretic curve of JSTC joint;(d)The skeleton curve of each
joint.

4.3. ENERGY DISSIPATION CAPACITY AND DUCTILITY COEFFICIENT

The energy dissipation capacity of a joint can be measured by the area surrounded by the hysteresis
loop. We select the hysteresis loop where the ultimate load was located to calculate energy
consumption. This paper use the energy dissipation coefficient £ to evaluate the energy dissipation
capacity of the steel-glulam composite beam-to-column joints[13]. The energy dissipation
coefficient £ is calculated according to the formula(4.1) and the calculation diagram is shown in

Fig.8.
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Fig.8. Calculation diagram of energy dissipation coefficient
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The energy dissipation coefficients £ of the three exterior joints are shown in Table 2. From Table 2,
it can be seen that the energy dissipation coefficients of the JT and JSTC joints are 0.61 and 0.72,
their energy dissipation capacities are relatively poor. By contrast, the energy dissipation coefficient
of JS joint is 0.85, this shows that the joints composed of H-beam columns have a higher energy
dissipation capacity.

Ductility coefficient reflects the deformation ability of a joint after it has entered the plastic state,
that is an important index for evaluating the seismic performance of a joint. Ductility coefficient
1=AJA, ;where:A, is the ultimate displacement; A, is the yield displacement[13]. From the skeleton
curve, the yield points of JS and JSTC joints are obvious,and the inflection points on the skeleton
curves can be used to determine the yield displacement and yield load. However, the JT joint has no
obvious yield point, so the CEN method [5] recommended by the European Standardization
Committee is used to determine the yield displacement and yield load of the joint . The ductility
coefficient u is shown in Table 3. It can be seen that the ductility of the JS and JSTC joints is good,

while the ductility of the JT joint is relatively poor.

Table 2. Main performance parameters of joints under cyclic loading

yield point extreme point failure point

Specimen u E
Fy(kN)  Ay(mm) Pumax (KND  A(mm) 0.85Pmax(kN) Ay (mm)

JT 19.62 40.87 22.90 55.66 19.47 60.60 1.48 0.61
JS 20.92 4.52 35.32 18.09 30.02 22.98 5.08 0.85
JSTC 25.28 6.00 34.22 16.49 29.09 24.22 4.04 0.72
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Note: The data in the table are both the average values of each joint under forward and reverse loading. F)
represents the yield load; A, represents the yield displacement; Prax represents the ultimate load; A represents the
displacement corresponding to ultimate load; 0.85Pma.  represents the failure load; A, represents the ultimate

displacement; u represents the ductility coefficient; E represents the the energy dissipation coefficients.

5. CONCLUSION

Through pseudo-static test research of three steel-glulam composite beam-to-column exterior joints,
the following conclusions can be obtained:

(1) Under the low cyclic reversed loading, the JT joint did not show an obvious yield point during
loading. When the JT joint was damaged, the timber at the washer area of the glulam column was
crushed and the weld on the extended end-plate had cracked. The JS and JSTC joints had
obvious yield points,and they experienced three stages of elasticity, yield and failure obviously.
The size and strength of the weld on the extended end-plate controlled the ultimate load at the
end of the beam.

(2) The steel-glulam composite beam-to-column exterior joints connected by the extended end-plate
and bolts had higher ultimate bearing capacity. And the ultimate bearing capacity of the JT joint
composed of glulam column is the worst,that of the JS and JSTC joint are similar.

(3) The energy dissipation capacity and ductility of the JT joint are the worst, the JSTC joint are
better, and the JS joint are the best. The stiffness of JT joint is the lowest ,that of JS and JSTC
joints are similar.

(4) In the steel-glulam composite beam-to-column exterior joints, the steel and glulam have better
synergistic mechanical property. The seismic performance of JT joint composed of glulam
column is the worst. And the seismic performance of JS joint composed of H-beam column with

stiffeners is better than that of JSTC joint composed of H-beam-glulam composite column.
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