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Abstract. In this paper, four specimens of CFST column joints with endplates and long bolts are tested in the
scenario of progressive collapse. Flush endplate and extended endplate are both adopted in this study. The
experimental results show that increasing the thickness of the endplate could improve the behavior of the joint, but
delay the mobilization of catenary action. The thickness of the endplate should not be relatively thick in comparison
to the diameter of the bolts, otherwise catenary action would not be mobilized or work effectively. Effective bending
deformation of the endplate could help the formation and development of catenary action in the joints. The
performance of flexural action in the joint would affect the formation of catenary action in the joint. Extra middle-row
bolts set at the endplates and structural components set below the bottom beam flange should be used to enhance the
robustness of joints. A special weld access hole between beam and endplate should be adopted to mitigate the chain
damage potential of welds. It is suggested that the structural components of joints should be independent of each
other to enhance the robustness of joints. Based on the component method, a formula calculating the stiffness
coefficient of preloaded long bolts was proposed whose results matched well with the experimental results.

Keywords: CFST; progressive collapse; endplate; catenary action; long bolts; component method

1. Introduction

The progressive collapse of structures has attracted much attention from civil engineers and
building standard organizations (Mirtaheri 2016, Mashhadi 2017). In conventional design, the
beam-to-column joints are designed to carry bending moment. However, when column loss
happens, the vertical loads will be sustained by the beams connected to the damaged column (GSA
2003, DOD 2013). Catenary action is supposed to contribute to load resistance with the increasing
of vertical displacement of the joint (Hoffman 2011, Khaloo 2018). In that case, an extra tensional
force which is not considered in conventional design would exist in the joint and shows a
remarkable influence on the mechanical performance of joint (Simos da Silva 2004). Especially,
the ductility of the joints should meet the demand for the rotation ability to mobilize the catenary
action in beams.
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In bolted concrete-filled steel tubular (CFST) joints, blind bolts or U channel could be adopted
as shown in Fig. 1-2. These configurations could avoid the inconvenience of setting bolts inside
the closed-section tube. However, these two configurations also have some disadvantages, such as
high cost and relatively low bending performance which is determined by the wall of column or U
channel. Even though some studies have been conducted on these joints (Hoang 2015, Elghazouli
2009), no design guidance is stipulated in current design codes.

In the past decades, many studies have been carried out on the behavior of steel beam to CFST-
column joints. Li and Han (2011) conducted FE analysis to reveal the failure mode of steel-beam
to CFST-column joints with RC slab. Thai and Uy (2012) proposed a model to calculate the
bending resistance of endplate connections. Wang (2012) tested blind-bolted extended endplate
CFST joints under bending moment whose rotation capacity could meet the requirements of the
anti-seismic design. Huang et. al (2016) conducted an experimental study to validate against the
proposed restoring force model for CFST joints. Tartaglia et. al (2018) discussed the influence of a
wide range of parameters on the ultimate response of extended stiffened endplate joints through
FE analysis.

Regarding the performance of joints in steel structures under column loss scenario, [zzuddin et.
al (2008) proposed a method to evaluate the dynamic response of structures or joints under column
loss. Demonceau and Jaspart (2010) studied the influence of catenary forces on the load-carrying
performance of composite joints. Sadek et al. (2011) carried out experimental and numerical
studies on the performance of bare steel connections in the scenario of column removal. Yang and
Tan (2012) conducted a parametric analysis to reveal the influence of connection configuration on
the anti-collapse behavior of joints. Stylianidis and Nethercot (2015) developed an approach to
describe the performance of joints in anti-collapse analysis. Gao et. al (2017) concluded that the
moment capacity of the joint decreases linearly with the increase of tensile load.

So far, the investigations conducted on steel beam to CFST column joint mostly employ the
configuration of ring plates. In this paper, the endplate and long bolts are both used in the
connections as shown in Fig. 3. By using long bolts, core concrete will anchor the bolts, while the
tensile force in bolts would not be resisted by the wall of column directly, resulting in the
improvement of the mechanical performance of the joint (Xu et. al 2018). Four specimens of
CFST column joint with endplates and long bolts are tested in the scenario of middle column loss
in this study. The failure modes and development of catenary action of the specimens are discussed
in detail. Based on the experimental results, practical implications are suggested to improve the
robustness of joints. A formula is developed to calculate the stiffness coefficient of preloaded long
bolts for predicting the initial stiffness of the joints.
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Fig. 3 Endplate joint with long bolts

2. Experimental program
2.1 Test specimen

The joint above the destructed column is extracted from a frame. Hinge supports are assumed at
both ends of beams, since the inflection point locating at the middle span. The vertical loads would
be applied at the top of the specimen in succession to study the anti-collapse behavior of the joint.

Four 2/3 scaled specimens were designed for the test, including two flush endplate connections
and two extended endplate connections. The design of steel beams and CFST columns in the
prototype structure were in accordance to GB50017-2017 (2017) for steel structures and
GB50936-2014 (2014) for CFST structures respectively. The design of endplates and bolts in the
connections was based on GB50017-2017 and EC 3 (2004). The design of the reduced scaled
specimens is also based on the testing capacity of the equipment and the predicted failure mode of
the connections. For instance, at least three rows of bolts should be placed in the flush endplate
connection to make sure of the ductile failure. The number of bolts in an extended endplate
connection should be similar to that in a flush endplate connection and cannot be too many to
make its performance too similar to that of a rigid connection.

Fig. 4 and Fig. 5 show the overall dimensions of the specimens. High strength long bolts of
Grade 10.9 were adopted to connect the endplate to CFST column. The dimensions of the endplate
were shown in Fig. 6. 16 mm-diameter bolts were used for specimen FJ1, FJ2 and EJ1, while 20
mm-diameter bolts were for specimen EJ2. The thickness of endplate was 16 mm for specimen
FJ1, EJ1 and EJ2, and 20 mm for specimen FJ2. The detailed dimensions of the specimens are
summarized in Table 1. The pretension in Table 1 applied by using a mechanical torque wrench
was derived from the design torsion based on GB50017-2017 (2017).
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Fig. 5 Dimensions of extended endplate specimen
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Fig. 6 Dimensions of endplates (mm)
Table 1 Parameters of specimens (mm)

. Steel members Bolt .
Specimen 1D Column Beam Endplate diameter/mm Pretension/kN
FJ1 0300%x300x12  HM244x175x7x11 240%294x16 16 100
FJ2 0300%x300x12  HM244x175x7x11 240%294x20 16 100
EJ1 0300%x300x12  HM244x175x7x11 260x413x16 16 100
EJ2 0300x300x12  HM244x175x7x11 260x413x16 20 155

2.2 Material properties

The prisms for testing concrete strength and Young’s modulus were cast and cured in the same
lab with the specimens. The average compressive strength and Young’s modulus of concrete were
40.6 MPa and 3.2x10° MPa respectively. The mechanical properties of the steel are listed in Table
2, where fy, f, Es stand for yield strength, tensile strength and Young’s modulus of steel
respectively. The mechanical properties of high strength bolts were provided by the supplier.



Table 2 Mechanical properties of steel

b Ju Es
Se. Grade (MPa) (MPa) (10MPa)
e Flange 33381 464.03 2.04
Web 32147 467.16 2.03
16 mm Q345 362.26 468.94 2.01
Endplate 20 mm 353.44 461.73 2.03
Tube wall 380.89 490.23 2.05
Bolt 10.9 1089.00 1210.00 2.06

2.3 Experimental setup

As shown in Fig. 7, a combination of reaction frame and reaction wall provided the horizontal
restraint for the specimens. A restraint device was installed to restrain the out-plane displacement
and rotation of the specimens. The axial force in the beams was recorded by the horizontal load
sensors. Extra vertical support was set under the pin support to accommodate the shear force on
the screws connecting the load sensors to the reaction frame. A displacement-control loading
procedure was adopted by a hydraulic actuator at a rate of 6 mm/min.

The vertical displacement of beams and the horizontal displacement of a column in specimens
were recorded by linear variable displacement transducers (LVDTs) as shown in Fig. 8 (a). Strain
gauges were placed on two sections of both sides of the steel beams as shown in Fig. 8 (b). The
internal forces in beams could be estimated based on the data from strain gauges and compared
with the data from horizontal load sensors.
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(a) Elevation view (b) Out-plane restraint device
Fig. 7 Experimental setup
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3. Experimental results and discussions

After middle column removal, the total vertical load P carried by the joint is composed of the
load carried by flexural action (Ps.) and the load carried by catenary action (Pca):

P=R,+P, (1)
The load Pc. could be described by axial force N in beams and the joint rotation « in Eq. (2):
P, =2N,sina 2

The axial force N, could be obtained from the horizontal load sensors as shown in Fig. 7, or
from the strain of beam section obtained from the strain gauge as shown in Fig. 8(b) which could
be described by Eq. (3):

N, =EA )/ ©)

where E is Young’s modulus of steel, 4y is the beam area and & is the strain data obtained from the
ith strain gauge at the beam section.

3.1 Flush endplate joints

16-mm thickness flush endplate and 16-mm diameter bolts were used in specimen FJ1. Fig. 9(a)
shows the vertical load v.s. middle column displacement curves of specimen FJ1. The curves
representing the loads carried by flexural action and catenary action were calculated by Eq. (1-3).
It indicated that the vertical load on specimen FJ1 was carried by flexural action in the initial stage.



Along with the increase of vertical displacement, the curve developed into a hardening stage of
flexural action where catenary action was still not triggered. In this stage, thread stripping of
bottom bolts happened which brought about three slumps. After thread stripping occurred in all
four bottom bolts at the displacement of 125 mm, catenary action began to contribute to the load-
carrying. Subsequently, total load began to exceed the load carried by flexural action and more
thread stripping of bolts also occurred in succession. It was worth noticing that catenary action
only afforded 17 percent of the total load before the joint failed which meant that the transition
from flexural action to catenary action was insufficient in specimen FJ1. The test was terminated
by the thread stripping of all four bolts in the middle row. A slight buckling was also observed at
the right side of the top beam flange as shown in Fig. 10 (a).

20-mm thickness flush endplate and 16-mm diameter bolts were used in specimen FJ2. The
vertical load on specimen FJ2 was initially carried solely by flexural action as illustrated by the
comparison of three curves in Fig. 9(a). Thread stripping of bottom bolts at the right side of
connection occurred which resulted in a sharp slump at the curves. After then, thread stripping of
bottom bolts at the left side of the connection happened two times successively which prevented
the load increased significantly. After four bottom bolts all failed, the vertical load began to
increase steadily until thread stripping of middle bolts occurred at the displacement of 295 mm.
Fig. 9(a) also indicates that catenary action was mobilized at the displacement of 230 mm. After
then, the load carried by bending action almost stopped rising. Before the joint failed at 310 mm,
catenary action carried 24 percent of the total load. Three out of four middle bolts were stripped at
the displacement of 310 mm where the test was terminated. Compressive flange buckling was
observed at both sides of the joint as shown in Fig. 10 (b).

It should be mentioned that not all middle bolts in the connections failed at this stage. If the
loading procedure was continued, the vertical load can be further increased until all bolts in the
middle and top rows failed, based on the results in Yang (2012) and Li (2011). The test was
terminated due to the consideration of safety and limitation of the experimental setup.

Fig. 9 also show the comparison of two specimens with different thickness of flush endplate (t=
16 mm and 20 mm). The initial stiffness, yield load capacity, deformation capacity and maximum
load capacity of the joint were all improved significantly by increasing the thickness of the
endplate. Fig. 9(b) indicates that increasing the thickness of the endplate would increase the
bending resistance of the joint and delay the mobilization of catenary action which explains the
overlap portion of the curves from 100 mm to 200 mm in Fig. 9 (a). From Fig. 9 (c), it could be
seen that the maximum flexural action was not increased, due to the limitation of bolts. As shown
in Fig. 9(d), the bending moment did not decrease with the increase of axial force.
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Fig. 10 Flush endplate specimens after tested

3.2 Extended endplate joints

16-mm thickness extended endplate and 16-mm diameter bolts were used in specimen EJ1. The
bolts above the top flange of steel beam were defined as the 1st-row which made the bolts below
the bottom flange of steel beam the 4th-row, so as the bolts in specimen EJ2.

Fig. 11(a) shows the vertical load v.s. middle column displacement curves of specimen EJ1.
When the vertical displacement increased to 25 mm (the corresponding load was 92 kN), the
vertical load began to decrease slowly which indicated that thread stripping of 4th-row bolts was
triggered. When the vertical displacement reached 60 mm, the vertical load began to increase
again. After then, with the increase of vertical displacement, thread stripping occurred again until
all 4th-row bolts had failed. Every time the thread stripping happened, a drop was observed in the
curves. When the vertical displacement increased to 175 mm, thread stripping of bolt occurred in
the 3rd row of the left side of the joint. All left side 3rd-row bolts of the joint had failed, when the
vertical displacement reached 210 mm. Right then, the left side deformation of the joint was much
larger than the right side. The test was terminated due to the consideration of safety.

Meanwhile, as shown in Fig. 11(a), no catenary action was triggered during the whole loading
procedure. All vertical loads were resisted by flexural action. Due to the compressive strain in the
beams and the adoption of the calculation method in Eq. (1-3), the load carried by flexural action
was even larger than the total load applied which was no practical meaning. This phenomenon may
be explained by two reasons: (1) the endplate was too thick, so that the vertical deformation of the
joint was too small to trigger catenary action. (2) Four rows of bolts were set around the top and
bottom flange of steel beam. No row of bolts was arranged in the middle of the endplate. After two
rows of bolts around the bottom flange had failed, the remaining two rows of bolts were located
around the compressive center which made the joint hardly carry the vertical load anymore.

The failed specimen was shown in Fig. 12. It was worth noticing that the shape of endplate
was still a polygonal line after the all 3rd-row and 4th-row bolts of the left side in the joint failed,
as shown in Fig. 12 (a). The rotation center or the compressive center of the connection is located
at the compressive top flange of steel beam. The deformation shape of endplate indicated that the



thickness of endplate may be too thick in the design, compared with the bolt diameter.
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16-mm thickness extended endplate and 20-mm diameter bolts were adopted in specimen EJ2.
The weld between the bottom flange and endplate of the left side of the joint fractured as shown in
Fig. 11 (a) when the vertical displacement reached 125 mm. The fracture caused a sharp drop in
the curves. Partial thread stripping of 4th-row bolts happening at the left side of the joint prevented
the rising of vertical load at the displacement of 150 mm. From 170 mm, the vertical load began to
increase along with the increase of vertical displacement. The weld between beam web and
endplate of the left side of the joint fractured at 230 mm which cause a drop in the curves. The
beam web was torn up successively. The shape of the endplate after the test exhibited a curve line.
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As shown in Fig. 11(a), catenary action was mobilized at about 150 mm where partial thread
stripping occurred at the 4th row of bolts. It is worth noticing that even the total load and the load
carried by flexural action both decreased at 230 mm due to the fracture of wed weld, the load
carried by catenary action kept rising. Before the joint failed at 270 mm, catenary action carried 50
percent of the total load. The test was terminated at 270 mm, due to the consideration of safety.
The failed specimen was shown in Fig. 12 (b).

Fig. 11 also shows the comparison of two extended endplate specimens with different diameter
bolts (D=16 mm and 20 mm). The diameter of bolts had a significant influence on the load
capacity of the extended endplate joint. Even though the maximum vertical displacement of
specimen EJ2 was larger than that of specimen EJ1, the vertical displacement corresponding to the
maximum load of specimen EJ2 was smaller than that of specimen EJ1. Fig. 11 (b) shows that
catenary action was triggered by increasing bolt diameter which also proves that the endplate in
specimen EJ1 was too thick, compared with bolt diameter. From Fig. 11 (c), it could be seen that
the maximum flexural action was increased by using larger diameter bolts. As shown in Fig. 11(d),
the bending moment of specimen EJ2 decreased with the increase of axial force, whilst that of
specimen EJ1 did not, since the axial force in specimen EJ1 was at a rather low level.

As shown in Fig. 12(a), the deformation mode of specimen EJ1 was similar to that of flush
endplate joint. If the endplate is thick enough, the tensile force in the bottom bolts would make the
endplate rotate around the top flange of beam. If the endplate is not thick enough, bending
deformation would occur near the bottom flange of the beam as shown in Fig. 12 (b). It is obvious
that the deformation mode of specimen EJ2 was more advantageous than that of specimen EJ1,
due to its ductile behavior.

Failed specimen Endplate deformation

(a) EJ1
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Fig. 12 Extended endplate specimens after test

Endplate deformation

3.3 3.3. Comparison of Specimen FJ1 and EJ1

Fig. 13 shows the comparison of specimen FJ1 with flush endplate and specimen EJ1
with extended endplate. The thickness of the endplate and diameter of bolts in these two
specimens were both identical. Fig. 13 (a) implies that the configuration of the extended e
ndplate would improve the behavior of joint, except for maximum vertical displacement. A
s described above, the deformation mode of endplate in specimen EJ1 was similar to that
in specimen FJ1, due to the large thickness. In that case, the maximum vertical displacem
ent would depend on the behavior of bolts, which made specimen FJ1 and specimen EJ1
have a similar deformation capacity. Due to the use of more bolts and better arrangement
of bolts for bending moment, the load carried by flexural action and total load in specime

n EJ1 were still larger than those in specimen FJ1, even catenary action totally was not
mobilized in specimen EJ1.
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Fig. 13 Comparison of specimens FJ1 and EJ1

4. Discussions
4.1 Influence of catenary action

Table 3 lists the comparison of the load capacity with and without considering catenary action.
Generally, catenary action would improve the anti-collapse capacity of the flush endplate
specimens by 20% and 27% respectively. Increasing the thickness of the flush endplate would help
catenary action to carry more loads. In contrast, catenary action does not influence the load
capacity of the extended endplate specimens, even the catenary action in specimen EJ2 has carried
50 percent of the load before the joint failed. These results imply that the thickness of the endplate
should match the diameter of bolts, otherwise catenary action would not be mobilized or work
effectively. Effective bending deformation of endplate could help the formation and development
of the catenary action in the joints.

As described in Gao (2017), the development of load-carrying mechanism of joints could be
divided into elastic stage, elastic-plastic stage, plastic stage, transient stage and catenary stage. The
moment-tensile force relationship of joints is supposed to be linear and the strengthening of load-
carrying capacity is not considered as shown in Fig. 14.

In this study, except for specimen EJ1, the other three specimens are all in the transient stage
where flexural action and catenary action carry loads together. By increasing the thickness of the
endplate, the elastic-plastic stage of specimen EJ2 is prolonged which would delay the transient
stage. From the results of specimen EJ1, after flexural action is weakened by thread stripping,
catenary action is triggered. It implies that specimen EJ1 is forced to go into the transient stage.
Based on the discussion and comparison of experimental results, it could be concluded that the
flexural action of joint would affect the formation and development of catenary action. The more
loads the flexural action of joint could carry, the later the catenary action of joint forms. However,



the weakening of flexural action would force the formation of catenary action in joint.
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Table 3 Comparison with and without catenary action

Load Load Loaq Percentage of
. . capacity ;
. capacity capacity ) load carried by
Specimen . . increase . .
D with without due to catenary action Failure mode
catenary catenary catena before joint
action/kN  action /KN~ SUSY 0 paited oy
action /%

FI1 113 94 20 17 Bolt thread stripping
FJ2 131 103 27 24 Bolt thread stripping
EJ1 142 142 0 0 Bolt thread stripping
EJ2 198 198 0 50 Weld fractured & partial thread stripping

4.5 Practical implication of the experimental results

According to the failure modes of four specimens, it should be noticed that bolt thread
stripping is not a reasonable failure mode of joints, due to its unpredictability, just like the
fracture of welds between bottom flange and endplate. The failure mode of joints should be
predictable in practical design, such as fracture of bolts or buckling of beam flange. However, the
failure mode of bolt thread stripping also occurred in similar tests of Yang (2012). In Yang (2012),
seven types of bolted joints were tested in the scenario of middle column removal where the
failure mode of thread stripping was only observed in endplate joints. Compared to the
connection configuration in this study, 20 mm-diameter bolts and 12 mm-thickness endplate were
used in the specimens of Yang (2012) which indicated that the bolts were supposed to be strong
enough in the connections.

Based on the experimental phenomena in this study and Yang (2012), it may indicate that the
configuration of endplate was vulnerable to this unpredictable premature failure as shown in Fig.
15. Double nuts may be used in the configuration of endplate joints to avoid the unpredictable
failure mode of thread stripping. More studies should be done on this issue in the future.
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Fig. 15 Thread stripping in T-stub

In robustness design, the structure system should have the capacity to redistribute the
additional loads to adjacent structural members in the scenario of single, even multiple structural
member loss, namely alternative path method in GSA (2003). From a similar perspective, beam-
to-column joints should also possess the ability to maintain the load-carrying in the loss of
connecting components. Although the structural components in bolted endplate joint include
beams, column, bolts and endplates, the reason causing the failure of the joint in most cases is the
failure of bolts (fracture, thread stripping or pulled out of bolt hole) or the fracture welds between
endplate and beam. Hence, the robustness assessment models for the specimens in this test could
be assembled as shown in Fig. 16.
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(a) Flush endplate specimens (FJ1 and FJ2) (b) Extended endplate specimens (EJ1 and EJ2)

Fig. 16 Robustness assessment models

For both flush endplate and extended endplate specimens, the failure of boltl would result in a
drop of moment resistance, whilst the failure of bolt2 would cause the failure of the joints. It
indicates that the bolt2 redistributes the additional loads which are caused by the failure of boltl.



On the contrary, the bolt3 and the bolt4 set in the extended endplate joint have little influence on
the robustness of joints under sagging moment and tensional force. Although it is well known that
the bolts should be installed near beam flanges to carry bending moment, extra bolts are
suggested to be set midway at the endplates to enhance the robustness of joints. Besides, in the
scenario of pure tensile force, the bolts set midway at the endplates behave better than the bolts
near beam flanges, due to the little deformation of the middle portion of endplate under tension.

According to the experimental phenomena in this test and Gao (2017), the failure of weldfb
(connecting endplate and bottom beam flange) would easily lead to the failure of weldw
(connecting endplate and beam web), and then cause the failure of the joint. To avoid the
premature failure of beam section, the extra components should be set below beam bottom flange,
such as bottom cover plate, middle stiffener and bottom haunch suggested in DoD (2013).

Moreover, the chain damage potential of weldft and weldw should be mitigated. To this end,
the configuration of weld access hole could be adopted in endplate. Commonly, this configuration
is used in the rigid joints between bottom beam flange and column flange, rather than in endplate
joints (Hoang 2015). The details of the weld access hole provided in FEMA-350 (2000) for the
connection between beam flange and column flange as shown in Fig. 17 may also be used in
endplate joints between beam and endplate. Besides minimizing stress and strain concentration,
the chain damage potential of weldft and weldw may be mitigated by using this configuration. It
also implies that, to enhance the robustness of joints, the structural components of joints should
be independent of each other.
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Fig. 17 Weld access hole (FEMA350 2000)

5. Analysis using component method

The component method is recommended in Eurocode 3 (2005) to predict the behavior of steel joints.
By using this method, steel joints are decomposed into a series of structural components under various
internal forces, such as endplate in bending and flange in compression. The stiffness and load capacity
of these components are calculated successively. Finally, the assembly of these structural components
could present the behavior of joints under various loading scenarios.

The structural components for the specimens under flexural action in this study include: bolts
in tension (bt), beam flange in tension and compression (bft, bfc), beam web in tension and
compression (bwt and bwc), endplate in bending (eb) and column in compression (cc). No shear



failure of bolts was observed in this test, therefore the component of bolts in shear is not
considered in the model. After catenary action is triggered in the beams, the components of beam
flange and web in compression would gradually transfer to those in tension whilst column in
compression would cease to act anymore.

The components mentioned above are basic components covered in Eurocode 3 (2005). The
design method proposed by Eurocode 3 could be used directly. It should be mentioned that the bolt
preloading effect is not considered in Eurocode 3. The stiffness and capacity of column in
compression could be taken as equal to infinity, due to the presence of in-filled concrete and
symmetry of loading condition (2016). If not, a design method proposed for H-shape column
encased in concrete by Eurocode 4 (2005) could be used to calculate the stiffness and capacity of
column in compression.

Fig. 18 shows the component model of flush endplate specimen and extended endplate
specimen. To simplify the calculation process, the components located in the same row would be
assembled into one equivalent spring. It should be mentioned that, if tensile force is large enough,
there would be no compressive area in the joint which meant the compressive components in the
first row in Fig. 16 would be transferred to tensile components in the bottom row.

(a) Flush endplate specimens (FJ1 and FJ2) (b) Extended endplate specimens (EJ1 and EJ2)
Fig. 18 Component models

Based on the component model in Fig. 16, the initial stiffness Sin of joints could be
determined from Eqg. (4) in Eurocode 3 (2005):

2
_ Eszeq )

Z 1
i ki
where Esstands for Young’s modulus of steel; zeq for the equivalent lever arm; k; for the stiffness
coefficient for component i.

For beam flange in tension and compression (bft, bfc) and beam web in tension and
compression (bwt and bwc), the stiffness coefficient should be taken as equal to infinity (2005).

For endplate in bending (eb), the stiffness coefficient ke, could be determined by Eg. (5) in
Eurocode 3:

k,, =0.9l,t,°/m’ ®)

ini



where les stands for the smallest of the effective lengths given in Eurocode 3 (2005); teq for the
thickness of endplate; m for the distance of bolt-hole center to beam web.

Referring to bolts in tension (bt), ky: is obtained by Eq.(6):

ke =2¢,A /'L, (6)
where Ay is the effective tensile area of bolt; Ly is the bolt elongation length, taken as equal to the
grip length (total thickness of material and washers), plus half the sum of the height of the bolt
head and nut. The coefficient c, is 0.8 if considering the effect of prying force and 1.0 if prying
force is not triggered or taken into account, respectively.

The bolt preloading effect which plays an important role in the rotation stiffness of joint is not
considered in Eqg. (6). If bolt preloading is ignored in this test, the coefficient ky: for bolts in tension
would be very small, since long bolts are used in the joints which would cause a large value of bolt
elongation length Ly. Based on the expression in Faella (1998), Eq. (7) is proposed to determine
the stiffness coefficient of preloaded long bolts used in this study:

ky =26, (4104325 % * 2y A )
d, L,
where B stands for the width of column; teq for the thickness of endplate; d, for the diameter of

long bolt.

The stiffness coefficient for the components and the assembly procedure to compute the initial
stiffness of joint are shown in Table 4. As Table 4 shows, good agreements are obtained between test
results and component-model results, especially for the extended endplate specimens. In addition, the
stiffness coefficient of bolts in tension without considering the preloading effect is also provided which
shows a large difference with the value obtained from Eq. (7). More studies still need to be conducted
on the stiffness coefficient of preloaded long bolts.

Table 5 Component assembling for initial stiffness

FJl FJ2 EJ1 EJ2

Stiffness kbft/ kbfc/ kbwt/ kbwc Y o 0 o0
coefficient/mm ke, i(rowl/row2/row3) 8.4/8.4/8.*4 16.8/16.4/1*6.4 24.9/8.4/8;4 24.9/8.4/8;4
Ko 61.1(0.71%) 60.4(0.70")  62.0(0.72%) 76.7(1.10%)

Lever arm z; (row1/row2/row3)/mm 181.5/116.5/51.5 181.5/116.5/51.5 273/173/60 273/173/60
Effective stiffness coefficient for each bolt

TOW
(rowl/row2/row3)/mm 7.4/7.4/7 .4 12.9/12.9/12.9 17.7/7.4/7.4 18.8/7.6/7.6
g = ()
e keb,i kbt
Effective lever arm/mm
k . 2
Z et %, 140.7 140.7 239.1 240.0
7 =
“ zkeff,izi
Effective stiffness coefficient/mm
2 ka2, 18.3 32.1 275 287

el
q 2,

Initial stiffness of joint (model)/kNm/rad 74790 130687 323732 340770



2
Es Zeq

S . =
ni l/ keq
Test initial stiffness/kNm/rad 85668 112969 337641 362038

(*) means the value calculated using Eq. (6) which is not considering bolt preloading effect

6. Conclusions

This paper presents an experimental and analytical investigation of CFST column joint using
endplates and long bolts under the middle column loss scenario. The experimental phenomena and
results are discussed in detail. The following conclusions are made:

1). The configuration of endplate may be vulnerable to thread stripping failure. Double nuts
should be used in the configuration of endplate joints to avoid unpredictable failure.

2). Increasing the thickness of endplate could improve the behavior of the joint, but delay the
mobilization of catenary action. The diameter of bolts had a significant influence on load capacity
of extended endplate joint and the formation of catenary action. The configuration of extended
endplate would improve the behavior of joint, even when catenary action was not mobilized.

3). The thickness of endplate should not be relatively thick in comparison to the diameter of
bolts, otherwise catenary action would not be mobilized or work effectively. Effective bending
deformation of endplate could help the formation and development of catenary action in the joints.

4). The performance of flexural action in joint would affect the formation of catenary action in
joint. The more loads the flexural action of joint could carry, the later the catenary action of joint
forms. The weakening of flexural action would force the formation of catenary action in joint.

5). Extra middle-row bolts set at endplates and structural components set below the bottom
beam flange could enhance the robustness of joints. A special weld access hole between beam and
endplate should be adopted to mitigate the chain damage potential of welds which implies that the
structural components of joints should be independent with each other to enhance the robustness of
joints.

6). Based on the component method, a formula calculating the stiffness coefficient of preloaded
long bolts was proposed, whose results matched well with the experimental results.
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