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Abstract: This paper presents three experimental investigations on the performance of steel-beam to CFST-column
joints using stiffened angle, long bolts and fin plate under a middle column removal scenario. Three specimens were
designed and tested. The failure modes and catenary action are investigated in detail. The test results show that
increasing the angle plate thickness at the joint could not only improve its performance significantly, but also trigger
an early formation of catenary action. Increasing the length of short-limb had influence on the deformation ability of
the proposed joint, rather than the load capacity. The buckling of stiffeners could prevent the brittle failure of the
joints. With the contribution of catenary action, the joint shows much higher rotation capacities than that required in
DoD design guidance. The initial stiffness of the joint was calculated using an analytical model with consideration
of bolt pretension. Good agreement to the test results is achieved. A numerical analysis is also carried out, whose
results show that adding additional row of bolts would improve the redundancy of the joint under column loss. An
equivalent dynamic response evaluation of the joints was also performed. The results show that dynamic

amplification coefficient should be worked out considering catenary action under large deformation.
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1. Introduction



Progressive collapse of structures may be triggered by the loss of columns. In the scenario of column-removal,
vertical loads on the structure would be redistributed to the beams connected to the removed column [1-2]. With the
increase of vertical deformation, the load-carrying mechanism in the damaged structure will transform from plastic
hinge action to catenary action as shown in Fig. 1. The performance of beam-column joints under the combination
of bending moment and tensional force in the scenario of column removal is a key factor in the prevention of
progressive collapse. However, in traditional design, beam-column joints are designed to carry only bending
moments.

In order for the joint to behave properly in such conditions, the rotation capacity of the joints should be fulfilled
to mobilize catenary action while the redundancy of the joints is required in order to avoid brittle damages and to
absorb energy. Therefore, the features of joint behavior are identified as follows: Under plastic hinge action, the
reverse load-carrying capacity of the joint is required in where the joints at the damaged column are under sagging
moment rather than under hogging moment; During the transition of load-carrying mechanism, the joints at the
damaged column and the adjacent columns should be capable of carrying the particular load sequences involving
bending moments and axial forces; After tensile catenary action is triggered on the beams, the joints would undergo
large deformation without any significant reduction in strength. These demands are rarely met in normal design of
joint, but crucial in the design of resisting progressive collapse. Therefore it requires further investigation through
experimental tests. Several studies have been performed on the behavior of connections under the combination of
axial loads and moment [3-5]. However, those studies did not study in detail on the effect of the axial force to the
performance of joints under column removal.

The configuration of special blind bolts or intermediate components (such as reverse channel) are used in
practice to connect steel beam to concrete-filled steel tubular (CFST) column or hollow section column[6]. These
configurations of connections could overcome the difficulty of placing bolts into the closed-profile column.
However, the stiffness and resistance of those types of joints are low in bending. Meanwhile, the in-filled concrete
has limited contribution to the bending strength of joint, since the column wall is directly under flexural action when
the bolts are under tension, as shown in Fig. 2 (a). Hence, long bolts throughout the column are proposed to connect
steel beam to CFST column or hollow section column recently. For hollow section columns, care must be taken
when installing long bolts into the thin wall of the hollow section column so as to prevent distortion of the sidewalls
as shown in Fig. 2 (b). With the existence of interior filled concrete, this configuration of connection becomes more
practical [7-8]. The core concrete acts together with column wall when pretension loads are applied on bolts, as

shown in Fig. 2 (c). It should be mentioned that the steel beam-CFST column joint with long bolts may be more



vulnerable than the other two mentioned solutions, from the perspective of anti-collapse mechanism. Once the long
bolts fracture, the connections at both sides of the column would fail at the same time. In that case, the flexible
components should be used in the connection to avoid the fracture of long bolts, such as angle steel or endplate.

In the past decades, many studies have been conducted on the bending behavior or seismic behavior of steel-
beam to CFST-column. Wang and Chen [9] conducted a test on blind bolted extended end plate joints to CFST
columns under bending moment. The results showed that the performance of tested connections could meet the
demands of anti-seismic design. A model to predict the stiffness and resistance of bolted joints based on component
method was proposed by Thai and Uy [10]. Huang et al. [11] developed a formula to calculate the resistance of
CFST joints based on Eurocode 3 (EC3). The references about the study on static and seismic behavior of CFST
column joints provide a basis to understand the behavior of the joint under bending moment which plays a key role
at the early stage of column-removal and the failure modes of traditional CFST column joints, also to improve the
configuration of traditional connection. It should be mentioned that component method needs to be further
developed to enable the design of the connection with long bolts.

Regarding the behavior of joints under column-removal scenario, the joints connecting steel-beam to steel-
column and to CFST-column are both studied. Khandelwal and EI-Tawil [12] used finite-element model to study
some critical parameters that affect the catenary action in steel structures. Demonceau and Jaspart [13] discussed the
effects of membrane forces on the behavior of joints. Sadek et al. [14] carried out an experiment to assess the
behavior of steel joint under column removal. A simplified finite element model was established to represent the
behavior of the joints. Yang and Tan [15] carried out a series tests of bolted steel joints under middle column loss.
The results showed that the rotation capacities of the joints were much higher than the recommended values in
standards. Li et al. [16] revealed two failure modes of CFST column connections with outer-ring in the progressive
collapse. Stylianidis and Nethercot [17] developed a mechanical approach to describe the performance of joints in
progressive collapse analysis. Six flush endplate joints were tested by Gao et al. [18] to investigate the influence of
tensional load on the bending performance of joints in progressive collapse of frame structures. Daneshvar and
Driver [19] proposed a new method to predict the performance of fin plate joints in anti-collapse design. Gong [20]
developed a mathematical model based on a component-based spring model which was validated against the
experimental results.

So far, most of documented progressive collapse analysis focuses on the bolt-welded steel and composite joints
whilst some investigations have been performed to reveal the behaviour of steel beam to CFST columns with ring

plates in the event of progressive collapse. Very limited researches on the performance of the bolted steel-beam to



CFST-column connections using stiffened angle under column loss have been conducted, especially with the one
using long bolts. In this paper, three steel-beam to CFST-column joint with stiffened angle, long bolts and fin plate
were tested in the scenario of middle column removal. The failure modes, catenary action development and
deformation ability of joints were discussed in detail. In addition, numerical analysis was conducted. Beside the
experimental and numerical analysis, the equivalence dynamic response and progressive collapse capacity of the

joints were also evaluated.

2. Experimental program

2.1. Design and fabrication of specimen

As shown in Fig. 3, in this investigation, it is assumed that one bottom internal column of the frame structure was
destroyed, and the remaining structure after removing the middle column is regarded as the investigation object.
After the removal of the middle column, the internal forces and deflection of the middle and end connections are
anti-symmetric. Therefore the inflection points of the middle two bays where the column was removed were located
in the middle span on both sides during the deflection process. The remaining bays are literally acting as fixed
supports to the middle two bays. Therefore, the middle joint with half span beam on the both sides was extracted
from the frame, and the pin supported at both end of the beams. In that case, the extracted sub-structure is used as the
tested specimen.

As shown in Fig. 4(a), a steel beam-CFST column connection using stiffened angle, fin plate joints and long
bolts was developed in this study. The fin plate was welded on the wall of steel tube. The web of steel-beam was
connected with the fin plate using high-strength shear bolts. The flanges of the steel beam was connected to CFST
column by angles. The stiffeners were welded to the angles to ensure the rigid connection of the joints. In order to
ensure the axial tension of the joints in progressive collapse, long bolts were used to connect the column and angles.

Three 2/3 scaled specimens, named as WZ1, WZ2 and WZ3 respectively, were designed for the test, as shown in
Fig. 4. The design of steel beams and CFST columns in the prototype structure were in accordance to GB50017-
2017 [21] for steel structures and GB50936-2014 [22] for CFST structures respectively. The design of angles and
bolts in the connections was based on GB50017-2017 [21] and EC 3 [23]. However, no guidance for the design of
the stiffners at the angle was available in these standards. Thus it is supposed that the thickness of the stiffners was

idential to that of the angle.



The section size of steel beam and tube was 244 X 175X 11 X7 and 300 X 300 X 12 respectively (overall depth(d)
X flange width(by) X web thickness(#,) X flange thickness(#;)). The distance between two hinge supports of the

specimens was 4000 mm, and the length of the specimens was 3600 mm. The long-limb length of the angle was 200
mm in the specimens, The short-limb length and the thickness of the angle were varied as listed in Table 1. 10.9
Grade M20 bolts were used for long bolts and shear bolts. The pretension force on bolts were 155 kN following the

Chinese code GB50017-2017 [21]. The detailed dimensions of angles in the specimens were shown in Fig. 4(b).

2.2.  Material properties

The cubes for determination of the strength and the cylinders for determination of the Young’s modulus of the
concrete used in the specimens were tested. The average strength and Young’s modulus of concrete was 40.6 MPa
and 3.2x10* MPa, respectively. The mechanical properties of steel components are shown in Table 2, where fy, f,, Es

and ¢, stand for yield strength, tensile strength, Young’s modulus and ultimate strain of steel respectively.

2.3.  Experimental setup

The test rigs are shown in Fig. 5. Hydraulic actuator control system was used to control vertical loading.
Horizontal restraint to the specimen was provided by reaction wall and reaction frame as shown in Fig. 5(a). In order
to restrain the out-plane deformation of the column during the loading process, a restraint device shown in Fig.5(c)
was installed on both sides of the specimen. An in-plane restraint device shown in Fig. 5 (d) was also installed on

both ends of the column to keep the column vertical during the loading process.

The vertical load was applied at the top of the specimen through displacement-controlled method achieved by the
actuator with a rate of 6 mm/min. According to the research in Ref. [13], service loads which have little effect on the
progressive collapse performance of joint under large vertical deformation, were not considered in the test. If a more
than 20% drop is noticed for the vertical load recorded from the load cell, as well as the failure of stiffened angle part,
such as bolt fracture, severe stiffener buckling, angle fracture and stiffener fracture, et al., are observed, the test
would be terminated. With the contribution of the stiffeneres, the angle fracture is not supposed to happen,
according to Ref. [15] and Ref. [20]. Instead, stiffener buckling and bolt failure are the most expected failure modes

in the test.

The thrust force at the reaction was measured by load cells mounted inside the reaction frame as shown in Fig. 6.

An extra support was used below the hinge beside the reaction frame to accommodate the extra shear force in the



screws connected the reaction frame and load cells. Two rollers were used at the support to serve as sliding supports,
so that the thrust force in the beam could be effectively transferred to load cells. The other side of the frame was pin

connected to the reaction wall.

The behavior of the specimen was measured and recorded during the test. Strain gauges were placed on four
cross-sections of each beam as shown in Fig. 7(a). Linear variable displacement transducers (LVDTs) No. 1 to No.
6 were placed to record the vertical displacement of beams. Horizontal LVDT No.7 and No. 8 were placed to record
the unexpected in-plane displacement of the column during the loading process, even though the in-plane restraint
device had been set on the column as shown in Fig. 5 (d). The distribution of LVDTs is shown in Fig. 7(b). It should
be mentioned that the deformation of bottom stiffened angles is not monitored by LVDTs, due to the difficulties in
placing LVDTs on stiffened angles. The gap between angle and column flange is recorded by measurement ruler.
Since the vertical load-displacement response of the joint is more concerned in this study, the specific influence of
angle deformation on the anti-collapse behavior of the joint is not discussed in detail. The tests on the mechanical

behavior of stiffened angle connection under tension are ongoing and would be discussed in the future studies.

3. Experimental results and discussions

3.1. Test on Specimen WZ1

Before the vertical displacement reached 25 mm, the specimen remained in elastic. When the vertical
displacement reached 70 mm, 4 mm gap between the flange of column and the short-limb of bottom angle was
observed which was gradually widened with the increase of the displacement. As shown in Fig. 8 (a), the short-limb
of bottom angle deformed significantly. The stiffener of top angle buckled severely when the vertical displacement
arrived at 210 mm, as shown in Fig. 8(b). At 220 mm, the bolts connecting column flange and short-limb of bottom
angle were pulled out from the short-limb though the bolt holes which were partially fractured at the time, as shown
in Fig. 8(c). Then the loading was terminated. The photo of the specimen after loading was shown in Fig. 8(d).

Fig. 9(a) illustrates the vertical force-displacement curves of WZ1. Total vertical load P is resisted by two load

resistance mechanisms, namely the load carried by bending action (Pg,) and by catenary action (Pcy4), as expressed

by Eq. (1):

P=P, +P., (D

The load P4 could be expressed by the axial force N in beams and the rotation 6 of joint:



P.,=2Nsind 2)
The axial force in beams was recorded by using the load cells as shown in Fig. (6), or be calculated by the strain

of steel beam, as expressed in Eq. (3):

N = ESA,)(Zn:gl.) /n )
where E| standg 1for elastic modulus of steel, 4y, for the area of steel beam and ¢; for the strain obtained from the ith
strain gauge at the beam section.

Fig. 9 (b) shows the axial force v.s. vertical displacement curve of left side beam. The axial load was obtained
directly from the load cells. It should be mentioned that there would be little difference between the force obtained
from load cell and that calculated using section strain readings. Meanwhile, the bending moment of left side
connection carried by bending action Pg, is shown in Fig. 9(c). Fig. 9(d) shows the moment-axial force relationship
of joint.

As shown in Fig. 9, the load on WZ1 was sustained only by bending action at first. Catenary action was not fully
mobilized until the vertical displacement reached 120 mm. After that, catenary action in the joint started to carry
vertical load until the bolts were pulled out of the angle completely when the test was terminated. Before the load

resistance of WZ1 began to decrease, catenary action resisted 20 percent of total load. As shown in Fig. 9(d), the

bending moment did not decrease remarkable with the increase of axial force before it reached 75 kN.

3.2. Test on Specimen WZ2

In this test, when the vertical displacement reached 89 mm, 3 mm gap between the flange of column and the
short-limb of bottom angle was observed, which was slowly widened with the increase of the displacement. The
deformation of the short-limb of bottom angle was shown in Fig. 10(a), when the vertical displacement had arrived
at 169 mm. The gap between bottom beam flange and long-limb was observed at vertical displacement of 259 mm
as shown in Fig. 10(b). A slightly buckling at top stiffeners occurred at vertical displacement of 269 mm. The bolts
connecting column flange and short-limb of bottom angle were pulled out from the short-limb at the vertical
displacement of 309 mm as shown in Fig. 10(c). After then the loading procedure was terminated. The specimen
after loading was shown in Fig. 10(d).

As shown in Fig. 11, the load on WZ2 was sustained only by bending action at first. After the vertical
displacement reached 70 mm, catenary action got involved in carrying load. After then, the load was sustained by

both bending and catenary action. When the maximum moment capacity was achieved, the bending action stepped



down. However, it is observed that the total load was still increasing significantly as a result of catenary action
involvement. Before the resistance of the specimen began to decrease, catenary action resisted nearly 40 percent of
total load. As shown in Fig. 11(d), it is unexpected that the bending moment increased remarkably with the increase

of axial force before it reached 225 kN, since a contradictory conclusion had been drawn in Ref. [13] and Ref. [18].

3.3. Test on Specimen WZ3

In this test, before the vertical displacement reached 25 mm, the specimen remained elastic. When the vertical
displacement arrived at 100 mm, the buckling was observed on the top stiffeners at angles. When the vertical
displacement reached 185 mm, the gap between bottom beam flange and column flange was 22 mm, meanwhile the
stiffeners at top angle buckled severely, as shown in Fig. 12(a-b). The bolts connecting column flange and short-
limb of bottom angle were pulled out from the short-limb at the vertical displacement of 255 mm as illustrated in Fig.
12(c). After then, the loading procedure was terminated due to the loss of bearing capacity of the specimen. The
specimen after loading was shown in Fig. 12(d).

As shown in Fig. 13, the total applied load on WZ3 was sustained by bending action in initial stage. When the
vertical displacement arrived at 130 mm, the load carried by bending action decreased significantly as soon as
catenary action started to kick in. Even that, the total load continued to increase due to catenary action. Before the
resistance of joint began to decrease, catenary action took almost 40 percent of total load. As shown in Fig. 13(d),

the bending moment decreased remarkable once the axial force began to increase.

3.4.  Strain and deformation analysis

It is found that, the strain distribution and deflection of the steel beams in three specimens were similar. The
results of specimen WZ1 was taken as example to analyze the transition of load-bearing mechanism from bending
action to catenary action.

Fig. 14(a) shows the strain distribution on steel beam of specimen WZ1. It could be seen that the strain on bottom
flange continued to increase until the load capacity of WZ1 began to decrease at 180 mm. The compressive strain on
top flange increased with the increase of vertical displacement before catenary action got involved in load-bearing at
120 mm. After then, compressive strain on top flange began to decrease in tensile force. It should be noticed that the
steel beam section was in elastic in the whole loading procedure which indicates that the deformation of the

specimen occurred in the connection part.



Fig. 14(b) shows the beam displacement profiles of specimen WZI. It can be seen that before the formation of
plastic hinge, the joint deformed as a simply-supported beam. When the load exceeded 97 kN, the beam
displacement profile could be close to a straight line. It indicates that lumped plastic hinges formed at the

connections.

3.5. Comparison of the specimens

The experimental results from the three specimens are summarized in Table 3 and Fig. 15. Fig. 15 (a) shows the
comparison of vertical force—middle column displacement curves of three specimens. It could be seen that the load
capacity of specimen WZ2 was improved significantly due to increasing the angle thickness. The load capacity of
specimen WZ3 was almost the same as that of specimen WZ1, whilst the deformation ability of specimen WZ3 was
better than that of specimen WZ1. It indicates that increasing the length of angle short-limb has influence on the
deformation ability of the proposed joint, rather than the load capacity. As shown in Fig. 16, the effective stress area
of stiffeners at the angles could be simplified as a set of strips. When the joint carries the loads, the strips in
compression would buckle progressively while the strips in tensile would transfer internal force to short-limb. When
the short-limb length of top angle is increased, the buckling of more strips in compression could improve the
deformation ability of the joint. Meanwhile, at the bottom angle, the length of short-limb below the bolt would also
be increased which would increase the deformation ability of the joint. Nevertheless, the same failure mode prevents
a large increase in load capacity of the joint.

It is worth noticing that after total vertical loads on three specimens exceeds around 60 kN, a decline on the
stiffness of curves occurs, due to the overcoming of frictional force between angle limb and beam flange. The

frictional force between angle and beam flange can be calculated by using the following expression:

V =4uF 4)
where F stands for the pre-tighten force in one bolt which is 155kN; , for the friction coefficient which is 0.3
according to Ref. [21].
The moment resistance caused by the frictional force between angle and beam flange can be expressed as

follows:

M, =VH, )

beam

where Hyean, stands for the depth of steel beam which is 0.244m.



According to the above equations, the moment resistance produced by the frictional force is calculated as
45kN.m. The experimental value referring to 60 kN of the total vertical load is 49kN.m is approximately equal to the
calculated value.

From Table 3, it could be seen that different to other two specimens, the failure mode of WZ2 was pull-out of
bolts only. The stiffeners of specimen WZ2 did not buckle during the loading procedure. That explains the sudden
failure of joint as shown in Fig. 15(a). On the contrary, the load capacity loss of specimen WZ1 and WZ3 involved
the stiffener buckling, which resulted in a slow reduction of load capacity. The buckling of stiffeners could mitigate
the brittle failure of the joints. If the stiffener is too thick to buckle, the joint would suffer a sudden failure caused by
the fracture of other components.

Fig. 15(b) indicates that increasing the angle thickness could not only improve the load capacity and
deformation ability of the joint, but also make catenary action be triggered earlier. Meanwhile it could be seen from
Fig. 15 (b-c) that increasing the length of angle short-limb has more influence on bending action than catenary
action. Note that the axial force value is negative at the initial stage in Fig. 15 (b). This phenomenon was also
observed in Ref. [15] and Ref. [20]. This may be due to the fact that the rotation center of joint is higher than the
rotation center of pin supports. After the vertical load is applied, “arch action” is developed by treating the rotation
center of joint and pin supports as arch crown and arch spring respectively. However, more test results are still
needed for fully understanding this phenomenon. Fig. 15(d) shows the comparison of moment-axial force
relationship of three specimens. It can be seen that the curve representing specimen WZ3 shows the similar trend to
the proposed theoretical curve in Ref. [18] and Ref. [27]. However, the moment-axial force relationship of specimen
WZ1 and WZ2 shows a different pattern that the moment of joint does not decrease with the increase of axial force.
It may be due to the early formation of catenary action. This phenomenon implies that the configuration of joint
directly affects the moment-axial force relationship pattern of joints which is not consistent in practice. More studies
should be conducted on the patterns of moment-axial force relationship of joint in the future.

The comparison between the load capacity of specimen with and without considering catenary action is shown
in Table 4. Generally, catenary action could enhance the anti-collapse behavior of three joints. For specimen WZ1,
catenary action could increase its the load capacity and deformation ability. The enhancement of catenary action for
specimen WZ2 and WZ3 is noteworthy. The load capacity of specimen WZ2 is increased by 45 percent due to
catenary action, whilst its deformation ability is only increased by 16 percent which is even less than that of
specimen WZ1. Meanwhile, if only bending action is considered, specimen WZ3 could almost achieve its load

capacity. On the contrary, the deformation ability of specimen WZ3 is significantly enhanced by 92 percent.



3.6.  Practical implications of the experimental results

The configurations of steel joints recommended by Department of Defense (DoD) [2] are divided into three
categories, namely fully restrained moment connections (FRMC), partially restrained moment connections (PRMC),
partially restrained connections (flexible). Bolted joint using stiffened angle developed in this study is not covered
by DoD. Due to the capacity enhancement by the extra stiffeners used at the angles, the proposed joint may be
categorized as FRMC or PRMC, based on the bending behavior and configuration details of the connection.
Therefore, the acceptance in DoD still could be used to assess the proposed connection.

Fig.17 shows the rotation capacity comparison between experimental results and the acceptance criteria of
DoD for FRMC and PRMC. Experimental results with considering catenary action show much higher rotation
capacities than the acceptance criteria for FRMC and PRMC in DoD. Except for specimen WZ2, experimental
results without considering catenary action match well with the acceptance for FRMC in DoD, but still show much
higher rotation capacities than the acceptance for PRMC. Thus, these acceptances criteria in DoD may be too
conservative for this type of joint in this study. Similar conclusions were also drawn by Ref. [14-15]. It may be
explained by the fact that these acceptance criteria for nonlinear analysis of steel frame connections in DoD [2] are
determined primarily from the seismic tests, without considering catenary action. Meanwhile, CFST columns could
provide stronger restraint for the connections under loads, compared with bare steel columns. It indicates that new
nonlinear acceptance criteria for connection rotation capacity should be proposed with considering the contribution

of catenary action.

3.7.  Component method in joint performance assessment

Component method is recommended in EC 3 [23] to predict the performance of steel connection. The
structural components for the joint with stiffened angle and long bolts under flexural action in this study involve:
bolts in tension (bt), bolts in shear (bs), bolts in bearing (bb), stiffened angle in tension (sat) and column in
compression (cc), as shown in Table 5. It should be mentioned that the component of stiffened angle in tension is not
covered in Eurocode 3. In this study, the stiffened angle is modeled by a T-stub, due to the strengthen effect of
stiffener to the angle.

Table 6 shows the component model of stiffened angle joint with long bolts. The components 1 to 4 in Table 5
are basic components whose design methods for stiffness coefficient are provided in detail in Eurocode 3. It is worth
noticing that bolt pretension effect which plays an important role in rotation stiffness of joint is not considered in

Eurocode 3. The stiffness coefficient Ay of bolts in tension is obtained by Eq. (6) in Eurocode 3:



ky =2c,4, /L, (6)
where A4, is the effective area of bolt; L, is the bolt elongation length which is equal to the grip length, plusing half
the sum of the height of the bolt head and nut. The coefficient ¢, is 0.8 if considering the effect of prying force and
1.0 if prying force is not triggered or taken into account, respectively.

In fact, if bolt pretension is ignored in this test, the coefficient , 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 L,. Based on the
expression in Ref. [24], Eq. (7) is proposed to determine the stiffness coefficient of preloaded long bolts used in this
study:

B +2t,

A
k, =2¢,(5.25+3.25°¢ )2
db Lb

where B, stands for the width of column; ¢, for the thickness of angle; dj, for the diameter of long bolt.

0

Due to the preloads in bolts, the stiffness coefficient of component 2 and component 3 could be taken as equal
to infinity [23]. Thanks to the existence of in-filled core concrete and symmetry of loading condition, the stiffness
and capacity of component 5 could also be taken as equal to infinity [10]. If hollow section column is used, the
stiffness and capacity of component 5 should be considered in component method. It should be mentioned that, with
the increase of connection deformation, column in compression would cease to act any longer and the stiffened
angle above the beam flange would be activated as a component in tension.

Based on the component model in Table 6, the initial stiffness Sy, of joints could be determined from Eq. (8) in
Eurocode 3 [23]:

2

s, :lE/—k ®)
where E stands for Young’s modulus of steel; z., for the equivalent lever arm; k.4 for the equivalent coefficient.

As shown in Table 6, good agreements are obtained between the model considering pretension effect and test
results. On the contrary, a large discrepancy shows up without considering pretension effect. It is worth to notice
that the experimental initial stiffness of WZ3 is close to that of WZ2 in the test whilst the computational result of
WZ3 is identical to that of WZ1. As shown in Table 6, the computational initial stiffness of the joint depends on the
stiffness coefficient and lever arm which are identical in WZ1 and WZ3. Increasing the length of short limb makes
no difference to the component model. In practice, increasing the length of short limb would increase the initial
stiffness of the joint, which is due to the fact that longer short limb and stiffener would make a better transfer of

internal force to the T-stub in row 5. However, the model of T-stub can not present the influence of the length of



short limb and stiffener. More studies would be carried out in the future to propose a precise model for stiffened

angle in tension.

4. Numerical analysis

4.1. Finite element modeling

Based on the test, a finite element model is developed by ABAQUS. Solid elements (C3D8R) are used to
simulate the components of the joint. Due to the symmetry of specimens and loading condition, only half of the joint
is modeled as shown in Fig. 18. The normal and tangential behavior of the interaction between members (such as,
steel tube and concrete, bolts and steel plate) are defined as “hard contact” and “penalty” with a friction coefficient
respectively in ABAQUS. The values of 0.3 [25] and 0.35 [21] are assigned to the friction coefficient for steel tube
to core concrete and bolt to steel plate respectively. The welding between fin plate and column wall is not modeled,
since no fracture was observed between them in all three tests. In that case, fin plate is merged with column wall in
the model. The boundary condition of the model is identical with that of the testing specimen. The command of
*Bolt Load in ABAQUS is adopted to simulate the pre-tension loads in high-strength bolts.

Elastic-plastic material model and the Concrete Plastic Damage (CPD) material model in ABAQUS are
employed to simulate steel and concrete members respectively. The parameters for CPD model are listed in Table 7.
The material properties of concrete and steel members are taken as those in the material test. The stress-strain

relationship of steel is shown in Fig. 19 while that of concrete in compression is determined by Eq. (9) [26]:

{y=1.9x—0.8x2 —0.1x*  (x<D) )

y=x/(1.94(x-1)" +x) x>1)
where x=¢/1790; y=0/40.

In order to simplify the analysis, a linear stress-strain relationship is used for concrete in tension. 10% and 1%
of the compressive strength of concrete is considered as the tensile strength and remaining strength of concrete after
cracking in tension.

Strain-based fracture criterion in ABAQUS is adopted to predict the failure mode of the specimen. The fracture
strain of 0.28 as tested is used for stiffened angels. Static solver is adopted to conducte the analysis, since the explict
dynamic solver is computational expensive. In that case, the fracture evolution would not be simulated by static

solver, but only peak load is attained when the solver ceases to run due to excessive cracking.



4.2. Model validation

As shown in Fig. 20, the finite element model is validated against the test results whilst an extra test data
collected from Ref. [18] is also adopted. A good agreement is achieved between the simulation and experimental
results, in term of load capacity, initial stiffness and deformation performance as listed in Table 8. Fig. 21 shows the

deformation of specimen WZ1 and the finite element model. The experimental phenomena such as stiffener

buckling and angel deformation are successfully represented in finite element (FE) model. The comparison between
load-displacement curves and deformation phenomena both illustrate the reliability and effectiveness of the FE

models.

4.3.  Influence of bolt arrangement

According to the experimental results, increasing the length of short-limb is not an effective method to improve
the behavior of the joint, comparing to increasing limb thickness. However, an extra row of bolts could be arranged
at the enlongated short-limb. In that case, a new model WZL is designed as shown in Fig. 22.

Fig. 23 shows the influence of bolt arrangement. Compared to FE model of WZ3, extra row of bolts has little
effect on the performance of the joints in early stage. With the vertical displacement increasing, after tensile failure
of bottom row of bolts in WZL which results in the sudden drop in the vertical force-displacement curve, the extra
row of bolts began to resist load. Ultimately, the load capacity and deformation ability of WZL are both better than
those of WZ3. It may also be concluded that extra row of bolts could enhances the redundancy of the joint. Once the
bottom row of bolts fails, extra row of bolts could provide alternative transmission path for internal force on the joint.

Also, catenary action would be triggered earlier by setting extra row of bolts as shown in Fig. 23(b).

5. Equivalent dynamic response evaluation

It is known that, the response of structures after column removal are normally dynamic. However, dynamic
experiments and analysis are complex and high consumption of resources. To solve these problems, a simplified
method to calculate equivalent dynamic response of structures was developed by Izzuddin et al. [27], which can be

expressed by Eq. (10):

P, =t [ Pau, (10)

ud,n
where P stands for the static load; u for the static diplacement; P, for the level of suddenly load; u4, for the

maximumn dynamic diplacement .



As shown in Fig. 24, the maximum equivalent dynamic response can be determined from the equivalence
between internal energy and external work, according to a nonlinear static analysis curve.

The static response (P, us) curve and the equivalent dynamic response (Pop, tqn) curve of three specimens
based on the simplified method are shown in Fig. 25 (a, c, e). The unloading portions of the experimental curves are
not presented. From the comparison of static response and equivalent dynamic response, it can be seen that the
dynamic vertical displacement is larger than the static vertical displacement at any load level. The dynamic
amplification coefficient (DAC) is defined as the ratio of static load to dynamic load.

The applicability of dynamic amplification coefficient in DoD has been assessed by some researches [28-29].
It shows that the difference between the DoD provision and the experimental study varies remarkably with the
different configuration of connection. Fig. 25 (b, d, f) show the DAC derived from the simplified method and the
values recommended by DoD [2]. When the vertical displacement is small, the DAC from the simplified method is
around 2.0 which is close to the value recommended by DoD. Along with the increase of vertical displacement, even
the trend of two curves is similar, the difference between two curves is increasing, especially for specimen WZ2. It
could be seen from Fig. 25(d) that the DAC of specimen WZ2 remains almost unchanged after catenary action
begins to carry load. Compared with the results in Fig. 15, the displacement corresponding to the mobilization of
catenary action is the same as the displacement corresponding to the cease of DAC decreasing. It could be explained
that catenary action which plays a key role in load-bearing capacity of the joints at large vertical displacement stage

has significant effect on the DAC, whilst catenary action may not be considered in DoD provision.

6. Conclusions

A steel-beam to CFST-column connection with stiffened angle and fin plate joints was developed. Three
specimens were designed and tested in the scenario of middle column loss. The failure modes and development of
catenary action are discussed in detail. The following conclusions are made as follows:

1. The performance of the proposed joint could be improved significantly by increasing the angle thickness.
Increase of the length of angle short-limb has influence on the deformation ability of the proposed joint, rather than
the load capacity. Increasing the angle thickness could bring an early formation of catenary action whilst increasing
the length of angle short-limb has more influence on bending action than catenary action.

2. The stiffener buckling could slow down the decline of load capacity at the final stage of loading. In other

words, the buckling of stiffeners could prevent the brittle failure of the joints.



3. With the contribution of catenary action, the joints show much higher rotation capacities than the acceptance
criteria stipulated by DoD. Current acceptance criteria of connection rotation capacities can be advisedly improved
to consider the contribution of catenary action.

4. Component method is used to calculate the initial stiffness of the joints. With considering the pretension effect
in bolts, the computational results match well with the test results. New component needs to be developed to present
the stiffened angle in tension in design codes.

5. Based on numerical results, adding extra row of bolts could improve the load capacity and deformation ability
of the proposed joint. Also, catenary action would be triggered earlier by extra row of bolts.

6. When the vertical displacement is small, the dynamic amplification coefficient (DAC) derived from the
simplified method is close to the values recommended by DoD. The difference between them is increasing with the
increase of vertical displacement. It shows that dynamic amplification coefficient should be worked out considering

catenary action under large deformation.
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Fig. 1 Load-carrying action transition
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(a) Blind bolt in CFST or hollow section column (b) Long bolt in hollow section column (c) Long bolt in CFST column
Fig. 2 CFST column and hollow section column bolted joints



Fig. 3 Sub-structure specimen
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(d) Failed specimen
Fig. 8 Phenomenon of WZ1
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(d) Failed specimen
Fig. 10 Phenomenon of WZ2
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(a) Deformation at maximum displacement

(c) Deformation of angle short-limb (d) Failure of bolt hole
Fig. 21 Validation of finite element model (Experimental phenomena of specimen WZ1)
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Fig. 24 Equivalent dynamic response evaluation [26]
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Table 1 Parameters of specimens

Steel members

Specimen ID Bolt diameter/mm Pretension/kN
Column Beam Angle
WZ1 0300x300%12 HM244x175x7x11 L.200x120x8 20 155
WZ2 0300x300%12 HM244x175x7x11 L.200x120x12 20 155
WZ3 0300x300%12 HM244x175x7x11 L 200x160x8 20 155




Table 2 Mechanical properties of steel

Se. Jy» (MPa) fu (MPa) E, (105MPa) &y
Beam Flange 218 454 2.04 0.23
Web 321 467 2.03 0.31
Angle L1/L3 374 499 2.01 0.34
L2 348 460 2.03 0.32
Tube wall 381 490 2.05 0.34

Bolt 1089 1210 2.06 -




Table 3 Experimental results of three specimens

Specimen  Maximum vertical Maximum vertical Maximum bending Maximum axial Failure mode
ID load /kN displacement/mm moment /kN ¢ m force /kN Y
Bolts pull-out and
WZ-1 124.2 180.0 48.8 107.2 stiffener buckling
WZ-2 246.3 289.0 78.6 320.4 Bolts pull-out
WZ-3 130.9 230.0 415 155.9 Bolts pull-out and

stiffener buckling




Table 4 Comparison of joint performance with and without catenary action

. Load capacity Defo.nnat.ion Load.capacity D.e.forma.ltion .Load capacity Deformation ability
Specimen with catenary ability with without ability without increase dug to increase due to
ID action/kN catenary catenary catenary catenary action catenary action /%
action/mm action /kN action/mm /% Y °
WZ-1 124.2 180.0 105.6 140.0 18 28
WZ-2 246.4 289.0 170.0 250.0 45 16
WZ-3 130.9 230.0 118.3 120.0 11 92




Table 5 Component identification

1. Bolts in tension 2. Bolts in shear 3. Bolts in bearing 4. Stiffened angle in tension 3. Column in compression
(under flexural action)

T T Ty Ty Ty

= =5 = > = s M

M e M H— M M o
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Table 6 Component assebling for initial stiffness

kCC
ka 1| kcc khs kbb
M
k kbs khb
bb —\\V—\\V—
kbs kbb
v
. | k| SN
kbt ksm
Iyyibyyd
kit
wZzZ1 wz2 wz3
Initial stiffness of joint (model)/kNm/rad 183316(68316%) 189258(75663*) 183316(68316*)
Test initial stiffness/kNm/rad 166639 175239 178570
Model-test Differences/% 10%(-59%%*) 8%(-57%%*) -3%(-39%%*)

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



Table 7 Parameters of Concrete Plastic Damage model in ABAQUS

v/ ¢ a, K u

C

30 0.1 1.16 0.667 0.0005




Table 8 Comparison of simulation and test results

Load capacity/kN Inital stiffness/kN/mm Deformation capacity/mm
Test Sim. Test Sim. Test Sim.
Wzl 124.2 116.7 2.4 2.2 180.0 204.3
WZ2 246.4 235.0 2.8 32 289.0 320.0
WZ3 130.9 126.5 2.5 2.3 230.0 260.0
SJS [18] 120(kNm) 126(kNm)  16386(kNm/rad)  15018(kNm/rad) 0.08(rad) 0.09(rad)




