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Abstract. The strength and stiffness of the steel beams to concrete-filled tubular columns connections are
significantly reduced if the thick-walled components are used. However, the thick-walled tubes used for
columns can largely reduce the demand for space and increase the strength-to-weight ratio. This paper
describes the cyclic performance of extended through-diaphragm connections between steel beams and
thick-walled concrete-filled tubular columns improved with fillets around the diaphragm corners. Test on
one full-scale connection was conducted to assess the seismic behavior of the connection in terms of
strength, stiffness, ductility, deformation, energy dissipation, and strain distribution. It is shown that the
fillets and extended through-diaphragm can alleviate the stress concentration in the connection and thus
improve the seismic performance. The test results demonstrate that the through-diaphragm connections with
thick-walled concrete-filled tubular columns can offer sufficient energy dissipation capacity and ductility
appropriate for its potential application in seismic design.

Keywords: CFT column; extended through-diaphragm connection; thick-walled; cyclic loading;
experimental behavior; seismic performance

1. Introduction

Tubular steel columns offer excellent architectural and structural merits over conventional open
columns, particularly in terms of their strength-to-weight ratio, minor axis resistance, torsional
stiffness, and aesthetic appearance (Malaga-Chuquitaype and Elghazouli 2010). In addition, their
concrete-filled tubular (CFT) counterparts are becoming increasingly attractive due to the benefit
of the tube serving as a convenient formwork for placing the concrete and providing confinement
for the cured concrete. By confining the concrete in a CFT, an increase in the compressive strength
of concrete will realized in addition to preventing the concrete from spalling while subjected to
overload. Moreover, the concrete inside the steel tube acts to restrain the local buckling from
occurring in the wall of the steel tube. Therefore, structures with CFT columns are increasingly
used in engineering applications such as bridges, high-rise buildings, underwater structures and so
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on (Bergmann et al. 1995, Viest et al. 1997, Chen et al. 2014). Despite the awareness of these
advantages, this type of construction is still not being fully exploited due to the practical
difficulties involved in forming appropriate cost-effective and construction-efficient connections
between CFT columns and steel H-shaped beams. This dearth of information is even more
pronounced with regards to the behavior of square CFT column-to-H-beam connections subjected
to cyclic loading.

Eurocode 3 (EC3) Part 1-8 (BS EN 1993-1-8 2005) proposes rules for determining the
resistance of fully-welded tubular joints. CIDECT Design Guide 3 (Packer et al. 2009) and 8
(Zhao et al. 2001) offer some computation methods for a variety of rectangular hollow section
welded and bolted joints under static loading and fatigue loading, respectively. However, there is a
comparative lack of information on their CFT counterparts. Meanwhile, Eurocode 4 (EC4) Part
1-1 (BS EN 1994-1-1 2004) only provides basic design methods for composite joints.

Fully-welded connections with diaphragms offer practical and economical merits, and they
have been widely used for CFT structural systems in civil engineering projects in some Asian
countries such as China, Japan, and South Korea (Fukumoto 2005). As shown in Fig. 1, each of
them employs a plain internal diaphragm, a through diaphragm, or an external diaphragm.
Extensive research has been done to study the experimental behavior of moment connections
between CFT columns and steel beams under seismic loading conditions. Research by Azuma et al.
(2000), Miura and Makino (2001), Iwashita (2002), and Iwashita et al. (2003) on welded
beam-to-column CFT connections with diaphragms have shown that the use of diaphragms locally
stiffens the connection, but also develops a complex stress state and leads to fracture of the beam
flange at their weld access holes. Cyclic tests on CFT moment connections were conducted by
Nishiyama et al. (2004), in which shear yielding occurred in the panel zone. Their test results
demonstrated that a ductile hysteretic behavior in the specimens can also be achieved with a weak
shear panel. Experimental and analytical studies done by Nie et al. (2008a, b) concluded that
connections with external diaphragm rather than internal diaphragm have adequate strength, good
ductility, and high-energy dissipation capacity. The strength and stiffness are less influenced by
the axial load ratio and the dimensions of the exterior diaphragms, but more influenced by the
width to thickness ratio of the steel tube under shear failure mode. Lee et al. (2010) conducted
tests to evaluate the structural performance of the external diaphragm connection details and to
verify the equations proposed by the authors. Through the study, the composite effect of the
internal anchor, the resistance and stress distribution of the connection, the effective location of
welding in connection were analyzed. Rong et al. (2012), as well as Qin et al. (2014e, 1), carried
out testing on a considerable number of specimens to investigate the seismic behavior of
through-diaphragm connections. Based on the experimental results, it concluded that the flexural
strength of the connection was largely contributed by the steel tube and the diaphragm.
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Fig. 1 Traditional details of connections to CFT columns
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Previous investigation on the analytical performance of connections with diaphragms has
included that of Architectural Institute of Japan (1987), Johansson (2003), Fukumoto and Morita
(2005), Nie et al. (2009), Wang et al. (2009a), Jones and Wang (2010), and Lee and Choi (2012).
Architectural Institute of Japan (AIJ) provisions (1987) provide seismic resistance design
recommendations. Johansson (2003) conducted a nonlinear finite element study on the mechanical
behavior of through-diaphragm connections to CFT columns. The results indicated that the
connection should penetrate into the concrete core to distribute load to the concrete when higher
demand for load transfer was required. Fukumoto and Morita (2005) proposed a nonlinear shear
force-deformation model for the panel zone in beam-to-column CFT connections for predicting the
elastoplastic behavior of the panel zones. The proposed model includes a superposed model based
on a trilinear shear-deformation relationship for the steel tube superposed on one for the concrete
core, and a simple model provided as a trilinear model having a yield strength point and an
ultimate strength point for this panel zone, as a practical model for design. Nie et al. (2009)
established analytical models to calculate the flexural capacity of CFT connections with internal
diaphragms or anchored studs, with consideration of the effects of axial load, concrete slab, middle
internal diaphragm, beam and column width condition, and punching shear failure mode. Wang et
al. (2009b, c) performed a series of numerical examples on composite frames with steel beams
connected to concrete-filled square hollow section columns. Detailed analysis was carried out on
longitudinal stress in steel beam, axial stress distribution in concrete, and concrete stress along the
column height and at the connection panel. Parametric studies were conducted to investigate the
influence of axial load level, beam-to-column linear stiffness ratio on the structural behavior of
composite frames. Numerical models conducted by Jones and Wang (2011) has been developed
and used to perform extensive parametric studies. A simple hand calculation method has been
developed for evaluating the strength of the column component of rectangular CFTs under tensile
load imparted through a fin-plate connection. Lee and Choi (2012) performed finite element
analysis to investigate the shear strength under eccentric moment of the CFST column-beam
pinned connections. The yield line theory was used to formulate an shear strength formula.

In contrast with these traditional fully welded connections with diaphragms, improvements on
them have received relatively less attention. Available studies include the research by Miao and
Chen (2011), in which tests were performed on four different through-diaphragm connection
configurations including tapered plates, diaphragms of variable cross-section, welded to the face of
tubular columns. Good ductility and energy dissipation capability were observed and the influence
of connection configurations was highlighted. Shin et al. (2004, 2008), as well as Kang et al.
(2001), evaluated the internal-diaphragm connections reinforced with T-shaped stiffeners with or
without holes, based on which three failure modes were identified. Ricles et al. (2004) investigated
the use of extended tee plates, split-tee plates and tapered plates attached to the beam flange. It was
found that panel zone shear yielding and local buckling were ductile modes of response, with
minimal strength deterioration occurring in the connection. Cheng et al. (2007) performed tests on
four steel beams to CFT column connections with floor slabs using taper flange or larger shear tab
in the beam-end, in which the development and validation of analytical models for the assessment
of the force-deformation behavior of the joint components were conducted.

On the other hand, so far, various connection alternatives to CFT sections have been explored
by some researchers such as the use of through-bolt (De Nardin and EI Debs 2004, Wu et al. 2005),
blind bolt (Barnett et al. 2001, Loh et al. 2006, Wang et al. 2009b, ¢, Tizani et al. 2013a, b),
combined diaphragm (Choi et al. 2006, 2007), bidirectional bolts (Wu et al. 2007), asymmetric
lower diaphragms (Choi et al. 2010), combined channel angle connections (Malaga-Chuquitaype
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and Elghazouli 2010), and reinforcing bars and bottom seat-angle (Park et al. 2010). Nevertheless,
the use of these connection methods has not always been convenient in construction practice and
both experimental data and analytical investigation should be expanded. Several state-of-the-art
reports and papers also presented a large number of research results on CFT column-to-H-beam
connections (Shams and Saadeghvaziri 1997, Shanmugam and Lakshmi 2001, Nishiyama et al.
2002, Kurobane 2002, Kurobane et al. 2004, Gourley et al. 2008).

The most typical details of beam-to-column connections are through-diaphragm connections.
The use of through-diaphragm increases the strength and stiffness of the connection most
significantly. However, most of the CFT columns in the above research were made of either
cold-formed steel (Prabhavathy and Knight 2006, Qin and Chen 2016) or four thin-walled steel
plates groove-welded at the corners into a box-shaped cross-section. In contrast, few studies have
considered the viability of thick-walled through-diaphragm connections to thick-walled CFT
columns, which are beneficial because of their reduction in demand for space and increase in
strength-to-weight ratio. Furthermore, connections with thick-walled through-diaphragms and
column tubes can be a challenge. The increase in thickness of the steel tube and through-
diaphragm leads to an increase in overstress in the steel tube and groove welds of the beam flange
due to the lack of flexural capacity of welded connections. This may result in brittle fracture of the
connections in an earthquake. In addition, the abrupt change of cross-section from the beam flange
to the through-diaphragm in the traditional through-diaphragm connections aggravates the stress
concentration there.

The work presented in this paper attempts to address these issues by investigating the inelastic
hysteresis behavior of one proposed through-diaphragm connection to the thick-walled CFT
column. The through diaphragms in this study were extended sufficiently far to move the plastic
hinge away from the column face. The width of through-diaphragm was gradually decreased
towards the end of beam flange. The reduced through-diaphragm cross-section helps alleviate the
stress and strain concentration at the beam ends. Additionally, the through-diaphragms had fillets
where the cross-section varied to both stiffen the connection and get better performance. The
current study involves conducting representative experimental program to examine the seismic
behavior of the connection. Based on the experimental results, the cyclic characteristics of the
connection are presented and discussed in terms of hysteresis loop, strength, stiffness, deformation,
ductility, energy dissipation and strain distribution. The work in this paper provides a basis for
further development of a numerical model which will be described in another paper.

2. Experimental program
2.1 Test specimen

The program involved the testing of one full-scale connection sample with extended
thick-walled through-diaphragm under quasi-static cyclic loading. The case study for this research
is Tianjin Library with five stories. The critical governing connection that was subjected to the
greatest amount of moment in comparison with both the other connection locations and multiple
load combination was selected as the test specimen. The specimen detailing is shown in Fig. 2 and
Table 1. The specimen was designed in accordance with the criterion of strong-column- weak-
beam, so beam failure mode was expected to occur in the test. The height of the column and the
span of the beam were 4200 mm and 3600 mm, respectively. A section of 500 mm (beam depth) x
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350 mm (flange width) x 18 mm (web thickness) x 36 mm (flange thickness) was used for the
beam. For the column, a square box section of 500 x 500 x 36 mm was used. The through-
diaphragms were 40 mm thick, which was 4 mm thicker than that of beam flange. This thickness
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Fig. 2 Connection details and layout of strain gauges
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Table 1 Summary of test specimen and results

Specimen size (mm) K; M, M, M,/ M,
Specimen section Length (kN-m/rad) (kN-m) (kN-m)
Column 0500x500%36 4200
2398 3523 4680 1.72
Beam 500%350x18x%36 3600

was chosen to eliminate through-diaphragm failure and to ensure a strong panel zone. An opening
with a diameter of 200 mm was cut out of through-diaphragms for concrete-filling. Four small
vent holes with a diameter of 25 mm were also drilled through the walls of the through-
diaphragms. These holes were used to release the steam generated in the event of a fire and
prevent the column from bursting. The through-diaphragms had fillets at a distance of 100 mm
away from the column tube. In order to shift the plastic zone away from the column face, through-
diaphragms penetrated the tube column and extended a length of 600 mm. Through-diaphragms
and beam flanges were welded to the tube column and through-diaphragms, respectively, using
complete joint penetration (CJP) welds. The beam web connection was made with a bolted shear
tab. Backing bars were used and left in place throughout the test. Weld tabs were removed after
completion of the weld and ground smooth to eliminate notch effects. All the welds were made
with the gas shielded flux cored arc welding process using an E50 electrode specified in code for
carbon steel covered electrodes GB/T 5117-1995 (1995). Weld access hole detail complied with
criteria for rolled shape given in code for welding of steel structures GB 50661-2011 (2011). All
CJP welds were made by a certified welder and passed the ultrasonic test.

The high-strength bolts used in the test were Grade 10.9 M22. The mechanical properties of the
high-strength bolts were determined from international standard ISO 898-1:2013(E) (2013). The
diameter of the bolts was 22 mm, and the ultimate strength and the ratio of the yielding strength to
the ultimate strength of the bolts were 1000 N/mm? and 0.9, respectively. The high-strength bolts
were initially tightened with a spanner and then with a torque wrench in accordance to the
specified torque values listed in the Chinese code for acceptance of construction quality of steel
structures GB50205-2001 (2001).

2.2 Material properties

Table 2 summarizes the material properties of the steelwork used throughout the testing
program. The mechanical properties for the steel tube, through-diaphragm and H-shaped beam
were determined from coupon tensile tests. The geometry of the coupon test piece was specified
according to Chinese code GB/T 228-2002 (2002). The compressive strength of the concrete fill
was approximately 38.5 N/mm?, determined by compressive cube testing.

Table 2 Material properties of steel

t 5 Ju 5! fu Elo. E;
Type T, 2 5 2
(mm) (N/mm?°)  (N/mm®) (%) (x10° N/mm°)
Tube of CFT 36 400.6 541.7 0.74 29.4 1.97
Diaphragm 40 372.9 540.8 0.69 23.1 222

Steel beam - 407.8 554.3 0.74 243 2.24
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2.3 Test setup and loading

Fig. 3 provides a schematic view of the connection test setup. Due to the limitations of the cost
and laboratory testing area, it was not feasible to construct a cruciform shape specimen to analyze
the interior connection of the frame. The lateral cyclic load was applied at the top of the CFT
column by a 1000 kN actuator. The ends of the specimen were attached to cylindrical bearings and
were free to rotate in-plane, and thus simulate pin boundary conditions. Lateral restraint was
provided near the beam.

It was worth noting that the axial loading was not applied to the top of the CFT column. The
nominal strength of the column N, was 33,819 kN according to technical specification for
structures with concrete-filled rectangular steel tube members CECS 159:2004 (2004). It was not
feasible to apply the axial force by a laboratory hydraulic jack to generally reflect the real axial
level of the CFT column in a practical building structural system, as the level of axial load (n), n =
Ny / N, normally ranges from 0.4~0.8, where N, = axial compressive strength of the column. The
presence of the axial force on the CFT column will affect the seismic performance of the
connection, especially for the cumulative damnification in the panel zone, which is also stated by
Qin et al. (2014c¢, d). Laboratory constraints prohibited the application of axial load to the column.
Nevertheless, the effects of column axial loads will be considered and studied in the finite element
analysis in a parallel paper.

The lateral loading history of the connection was generally based on the ANSI/AISC 341-10
(2010) guidelines for cyclic testing of structural steel components. The load was controlled by the
story drift angle, which was transformed into the displacement at the column tip by multiplying the
story drift angle by the column height. Six cycles were imposed at each of the rotation levels of
0.375%, 0.5% and 075%. Four cycles were imposed at the rotation of 1%. After the rotation of
1.5%, it was loaded for 2 cycles at intervals of 1% of the story drift angle until failure of the
specimen occurred.
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Lateral braces

2100

Pin roll
80mm Dia. 500%350x18x36|
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(a) Test setup (b) Photograph of loading system
Fig. 3 Loading system
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Fig. 4 Layout of displacement transducers

2.4 Instrumentation

A representative layout of the instrumentation adopted in the experimental tests is shown in Fig.
4. The in-plane displacements of the column and steel beam were measured by eight displacement
transducers along the connection specimen. Displacement transducers 1 and 2 were used to
measure the displacement at the top of the column at the load application point of the MTS
hydraulic ram. Displacement transducers 7 and 8 were used to obtain the horizontal movement of
the box foundation. Other four displacement transducers were used to calculate the rotation of the
connection and the shear deformation in the panel zone.

Strain measurements were also used to measure the strains in the through-diaphragm, the flange
and web of the beam, and the backwall and sidewall faces of the CFT column as shown in Fig. 2.
The strain measurements on the backwall face of the CFT column were collected in two directions
parallel and perpendicular to the through-diaphragm, while those on the sidewall faces of the
column and beam web were arranged in three directions using three-elements strain gauges rosette.
Single-element strain gauges were placed on the through-diaphragm and beam flanges to monitor
the highest strains there and determine the stress transfer under the cyclic loading.

3. Experimental results and discussion
3.1 General observations

The test specimen exhibited ductile behavior and the test proceeded in a smooth and controlled
fashion. It was observed that the specimen essentially behaved in an elastic manner at an early
stage before the actuator displacement reached a level of 63 mm corresponding to a rotation of
1.5%. In the following successive cycles, the beam flange near the through-diaphragm showed
slight local buckling. The test was terminated at a rotation of 4% when an unexpected fracture
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Fig. 5 Failure of the test setup

occurred at the bolts which were used to bolt the box foundation to the reaction floor, as shown in
Fig. 5. That is to say, the failure was caused not by the failure of the specimen, but by the failure
of the test setup. However, the test was not continued because it was believed that the sudden
dynamics impact has led to the interior defect in the connection. The hysteresis characteristics of
the proposed connection will be discussed up to this “failure” point in the following sections,
although the connection could potentially exhibit significantly better seismic performance.

3.2 Moment-rotation response

The performance of the beam-to-column connection is critically important to the response of
composite frame, and is largely dependent on the moment-rotation response. The connection
rotation and the corresponding moment was used to construct the hysteresis moment-rotation
curve of the test specimen shown in Fig. 6, where the moment is calculated by the lateral load
multiplied by the height of the column, and the rotation is obtained by the horizontal displacement
measured at the top of the column divided by the height of the column. To obtain the moment
strength and the initial stiffness of the specimen, the moment-rotation hysteresis curve was
converted to the equivalent moment-rotation envelop curve (see Fig. 6). The yield moment (14,),
ultimate moment (M, and initial stiffness (K;) are summarized in Table 1.

—— Hysteresis loop
e Enivelop curve

5000

2500

Moment (kN-m)
(=]

-2500

-5000

-4 0 2 4
Rotation (% rad)

Fig. 6 Moment-rotation relationship
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It can be seen that the behavior of the connection was initially elastic, followed by an inelastic
response with gradually decreasing stiffness, until the failure occurred. The hysteresis curve for the
test exhibited stable behavior without noticeable pinching effect. It should also be noted that no
decline curve was observed due to the fact that no axial force was applied to the CFT column.

The ultimate moment capacity of the specimen was 4680 kN-m, which was well over the
calculated full plastic moment (44,) of the bare beam. Consequently, the connection exhibited good
hysteresis behavior of resistance under cyclic bending.

3.3 Strength and stiffness degradation

Strength degradation is a key element to evaluate the performance of connections under cyclic
loadings such as earthquake ground motions. It is evaluated by using the strength degradation ratio
(4;), which is the ratio of the moment amplitude at the rotation of i to the initial yield moment
(Tizani et al. 2013a).

The strength degradation in Fig. 7 indicates that no obvious degradation of strength was noticed
before failure. It showed a gradual and stable growth in strength as the test progressed. This can be
explained be the absence of axial load on the column (Han et al. 2011), which leads to the curve
stably going up strengthening stage.

Connections with large degree of stiffness degradation tend to exhibit larger rotations under
cyclic loads that may lead to extensive damage to other structural elements (Tizani ef al. 2013a).
Stiffness degradation (&) is defined as the ratio of the secant stiffness at rotation of i to the initial
stiffness (Tang 1989).

During the test the stiffness of the specimen decreased due to the cumulative damnification as
the cyclic loading progressed. It is shown in Fig. 7 that the stiffness of the specimen had an almost
linear descending tendency from the yielding point up to the failure point, which indicates a
modest deterioration of the hysteresis loop in the connection. However, Fig. 7 shows a stable
increase in the stiffness during the first several cycles. The unexpected growth can be attributed to
the fact that the specimen and the test setup had not been structurally tight. This leads to a
relatively large rotation corresponding to certain load level and consequently results in a small
value of stiffnees. Additionally, the results demonstrate a larger rate of degradation of stiffness
compared with strength. This can be easily explained as the cumulative plastic deformation has
significant effect on the stiffness of the connection, and also the contribtuion of the concrete infill
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to the stiffness is reduced as a result of potential damage to the concrete. In general, it can be
concluded that the stiffness degradation is more significant than the strength degradation.

3.4 Deformation analysis and Qy — y; curves

When the specimen is loaded under horizontal cyclic loading, every component of the
connection deforms (Nie et al. 2008a). So the local plastic mechanisms in the structure can be
localized not only at the beam or column end, but also at joints, or at both, member ends and joints
(Mazzolani 2000). As for an exterior connection, the displacement at the top of the column A can
be separated into three components attributed to the deformation due to the column (A,), the beam
(Ap), and the panel zone (A)), as shown in Fig. 8. Fig. 9 illustrates the deformation analysis results,
where ra = Aj/A, FAe = AC/A, Fap = Ab/A

Since the specimen was designed according to the requirement of strong panel zone, the
displacement ratio caused by the panel zone was the smallest and remained approximately constant.
At the end of the test, ry is 2.5%, while the percentages of total displacement contributed by the
beam and the column were 36.7%, 60.8%, respectively. The results indicate that the shear
deformation in the panel zone developed insufficiently. The displacement ratio caused by the beam
steadily grew larger with the increase in loading until the displacement reached 89 mm. The
corresponding maximum r,, was almost 73%. Then the value of v stably decreased. This may be
attributed to the potential crush of concrete infill of the column and the ensuing loss of stiffness.

Ac

1.0- ? b|
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Fig. 9 ro — A curve
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Fig. 10 Qg — y, hysteresis loop

In order to investigate the performance of the panel zone of the connection, Qy — y; hysteresis
loop of the specimen is shown in Fig. 10.

Qy is the shear force in the panel zone. As stated by Li and Li (2007), the three edges of a
beam-to-column exterior joint panel zone are subjected to the reaction forces from beams and
columns connected to the joint panel, as shown in Fig. 11, where M, and O, are, respectively, the

moment and shear from the beam end, and M., O.r, Ner , M B, o and Ny are, respectively,
the moments, shears and thrusts from the top and bottom column ends. All these actions make the

joint panel in a shear state. The equivalent horizontal shear force in the panel zone can be written
as Eq. (1)

Oy =——L+=(0s-0.r) (1)

y, is the shear deformation of the panel zone as shown in Fig. 12. It can be derived from Eq. (2)

vVa? +b?

ab

1
y;= E(A1+A2+A3+A4) 2

M(‘T

- Qz‘T

Q('B -
M cB
Ny

c

Fig. 11 Forces applied on a joint panel
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>
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Fig. 12 Shear distortion in the panel zone

Table 3 Ductility ratios and drift rotation

) 0] 0 (rad) Oc / [0c] 0,/ 16,]
3.10 246 0.03 3.93 2.03

* Note: 0, = elastic story drift rotation; 6, = elasto-plastic story drift rotation

The hysteresis loop of the connection was almost linear, and the maximum shear deformation
in the panel zone was less than 6x10* rad. Therefore, it can be concluded that the panel zone of
this type of connection remained in the elastic range all the time. This shows the development of a
rigid panel zone as expected. The experimental shear stiffness was achieved from regression
analysis within the elastic stage. This value was significantly less than the theoretical one that was
derived from the equations proposed by Fukumoto and Morita (2005), as the ultimate shear
strength of the panel zone was not reached in the test based on the design criterion of strong panel
zone. This can also be verified by the fact that during the test no yielding of panel zone had been
observed.

3.5 Ductility and story drift angle

Ductility is defined as the ability of the connections to undergo large plastic deformation
without obvious loss of strength (Mazzolani 2000). It is an important parameter in earthquake-
resistant design of structures. According to Tizani et al. (2013a), the assessment of ductility for
connections can be carried out by calculating ductility ratio, which is defined as the ratio of the
ultimate rotation to the yielding one. The ductility ratio shows the capability of the connection to
accept nonlinear rotations without extensive damage. Table 3 lists the ultimate rotation (¢) and
ductility ratio («), where (+) denotes the upper semi-cycles and (-) denotes the lower semi-cycles.
As expected, the specimen exhibited good ductility. The ductility ratio of the connection was over
2.

In an earthquake, the ability of inelastic deformation to absorb large amounts of energy and
shear force is critical to the stability of the column-to-beam connection of the structure. Table 4
presents the total drift angle required for the moment frame according to the AISC seismic
provisions for structural steel buildings (ANSI/AISC 341-10 2010). The total rotation of the
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Table 4 Rotation capacity requirements for composite connections

Frame classifications Connection rotation capacity (rad)
Composite ordinary moment frame (C-OMF) 0.02
Composite intermediate moment frame (C-IMF) 0.03
Composite special moment frame (C-SMF) 0.04

connection is based on the last successful cycle that was achieved before failure and the data is
listed in Table 3. In a typical moment frame where points of deflection of the beams and columns
are located at their mid-points under cyclic lateral loading, a total rotation of 3% rad is comparable
to a story drift angle of 3% rad. Note that no obvious crack or failure were observed at the end of
the test, which means the specimen could potentially reach a much larger rotation angle. Therefore,
the specimen meets the requirement for the composite intermediate moment frame in any case.

Based on the Chinese code for the seismic design of buildings GB50011-2001 (2008), the limit
value of elastic story drift rotation [6,] and the limit value of elasto-plastic story drift rotation [6,]
are determined as follows: for multi-story and tall steel structures, [6.] = 1/300 and [6,] = 1/50,
respectively. As can be seen in Table 3, the specimen satisfies the requirement for seismic
deformation checks.

3.6 Energy dissipation capacity

The inelastic deformation of the connections aids the energy dissipation through hysteresis
behavior, thereby reducing the transmitted energy to other structural components. This can help to
improve the seismic performance of the whole structural system subjected to strong earthquakes
(Tizani et al. 2013a). According to Tizani et al. (2013a), the energy absorbed by the deformation
of the connection can be measured as the areas enclosed by the moment-rotation hysteresis curve.
This is the total plastic work performed by the specimen. The equivalent damping coefficients of
the test specimen at the rotation of 1.5%, 2%, 3% are 0.04, 0.11, 0.21, respectively.

As expected, the energy dissipation of the connection gradually increased by increasing the
load amplitudes up to the failure point. Comparing the final value of the equivalent damping
coefficient with the results of the concrete connections and concrete encased steel column
connections (Zhou et al. 2004), it demonstrates that the energy dissipation capacity of the extended
thick-walled through-diaphragm connection to thick-walled CFT column is much higher than that
of the concrete connections, and it is close to that of the concrete encased steel column connections,
which is consistent with the observation by Qin ef al. (2014a, b) and indicates to some extent that,
the deformation abilities of the two typical steel-concrete composite systems, i.e., the concrete-
filled tube systems and the concrete encased steel systems, are almost the same.

The results of this study indicate that the new extended thick-walled through-diaphragm
connection to thick-walled CFT column, in general, can offer sufficient energy dissipation
capacity which makes it suitable for seismic applications.

3.7 Strain distribution

The strain distribution of the specimen is analyzed until a rotation angle of 1.5% rad was
reached. The value of 1.5% rad was selected because the yielding of the specimen occurred at this
level of rotation, although the specimen could potentially reach a rotation of 3% or more. For ease
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of presentation, only the strains of critical points are discussed below. The measured strains in the
specimen are shown in Fig. 13, where the positive values denote the tensile strains, and negative
values denote the compressive strains. The behavior was plotted at the points of each rotation
amplitude.

Figs. 13(a)-(d) illustrate the typical strain distribution measured along the transverse direction
of the through-diaphragm and steel beam at different position along its span. It demonstrates that
the strains were uniformly distributed along the width far away from the column (see Figs. 13(c)
and (d)). Nevertheless, an evidently non-uniform strain distribution was observed in the
through-diaphragm adjacent to the column face, due to the largest moment there and more
extensive inelastic yielding of the through-diaphragm. It was also worth noting that the values of
strains at both sides of through-diaphragm were almost zero, while the strain in the center was the
highest. Strain gauge readings reveal that a shear lag phenomenon developed along the width of
through-diaphragm. It is evident that a negligible amount of force was transferred from the sides of
the through-diaphragm to the sides of the steel tube that formed the connection’s panel zone.

The variation of the strains in the center of through-diaphragm and beam flange along the
longitudinal direction against the rotation is shown in Fig. 13(e). There was a significant increase
in the strains of the CPJ welds that connected the beam flange to the through-diaphragm as a result
of the strain concentration at the welds. Fig. 13(f) shows a very consistent and similar behaviour
except for a sharp decrease in the strain where the cross-section of the through-diaphragm changed.
It indicates that the improvement to connection configuration (fillets and extended through-
diaphragm in this paper) can largely affect the strain distribution and significantly alleviate the
stress concentration. Furthermore, this result implies that these connection details significantly
helps build a more uniform stress distribution.

Figs. 13(g)-(h) show the response of the strains of the backwall side of the column. It should be
noted that the strain levels of the column were obviously less than those for the beam and
through-diaphragm. It can be seen from Fig. 13(g) that the strains were linearly distributed over
the flange of the column along the column height close to the panel zone all the time. However,
the strains in the column flange steadily decreased to almost zero at a distance of 240 mm, or 6
times the thickness of column tube, away from the bottom flange of the beam as show in Fig.
13(h), this phenomenon illustrates that the tensile and compressive force transferred from the beam
flange only affect the behaviour of the CFT column within a certain length.

In general, the test results indicate that the specimen with thick-walled CFT column and
extended thick-walled diaphragm is able to perform as good as, if not better than the traditional
through-diaphragm connections with identical beam and column length (Qin et al. 2014a). The
moment-rotation hysteresis behavior, strength and stiffness degradation and the energy dissipation
capacity of the thick-walled connection are similar to those of traditional type connections, while
the ductility ratio and the total story drift angle of the thick-walled specimen are even higher. It
worth noting that increased testing repetitions may be necessary to establish more reliable results.
Furthermore, the welding residual stress can have great impact on the seismic performance of the
connection, which cannot be quantified based on the test data only. The experimental results and
related analysis in this paper however, can be taken as a basic reference for the application of this
innovative extended thick-walled through-diaphragm connection to thick-walled CFT column.
Development of detailed finite element and analytical models to simulate the hysteresis
performance of this type of connection will be discussed in a companion paper.
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4. Conclusions

To investigate the cyclic performance of the extended thick-walled through-diaphragm
connections to thick-walled CFT columns, one full-scale subassemblage test was conducted under
cyclic loading. Based on the test results, the following conclusions are made:

(1) Fillets of the through-diaphragm at the corners reduced stress concentrations at those

locations and improved the cyclic performance.

(2) The extended through-diaphragm contributed to the more uniformly distributed strains and
significantly decreased the stress concentration in the through-diaphragm adjacent to the
column.

(3) The specimen achieved the required 0.03 rad of total rotation for composite intermediate
moment frame. It appears that better performance might be possible as the test was
terminated by the failure of the test setup. Therefore, the specimen has the potential to
reach a much higher rotation and to be applied for composite special moment frame,
which needs further investigation in the future.

(4) The total displacement of the connection was largely contributed by the deformation of the
column and beam. This demonstrates that more yielding occurred there. Furthermore, the
degradation of stiffness was more significant than the degradation of strength in the
proposed specimen.

(5) The connection strength of the specimen was well above the full plastic moment strength
of the bare beam, and the moment-rotation curve showed plentiful hysteresis behavior
without pinching. The proposed connection exhibited sufficient ductility and energy
dissipation capacity under cyclic loading.
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