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ABSTRACT: This paper is an extension study to an experimental program involving one traditional and three novel
through-diaphragm connections between concrete-filled rectangular tubular columns and steel H-beams. The
proposed connection types utilize tapered diaphragm or triangular plates at the end of the beam to improve the
seismic performance of traditional through-diaphragm connections. Based on the experimental results, the lateral
force versus beam-column deformation response was assessed and the shear force versus shear distortion relationship
in the panel zone was evaluated. It was observed that the improvement in connection details significantly enhanced
the rotation capacity and shear stiffness. The deformation of the connections was also analyzed in terms of the
contribution of the column, the beam, and the joint. In addition, the force transfer mechanism in the connections was
investigated by analysis of the strain distribution The test results indicate that the proposed through-diaphragm
connections are able to alleviate the stress concentration in the load transfer path and exhibit better seismic behavior.
As a result, it can be concluded that the proposed connections are more suitable for applications in moment resisting
frames in seismic regions.

Keywords: Through-diaphragm connections, Concrete-filled rectangular tubular column, Seismic performance,
Experimental behavior, Strain distribution

1. INTRODUCTION

Concrete-filled rectangular tubular (CFRT) columns have been widely used in practical
applications these days due to their benefits of excellent mechanical behavior and architecturally
pleasing advantages.

A large amount of research has been conducted on the connections between CFRT columns and
steel H-beams. Previous investigation on the experimental behavior of H-beam-to-CFST column
connections has included that of Kang et al. [1], Varma et al. [2], Ricles et al. [3], Shin et al. [4],
Cheng et al. [5], Wu et al. [6], Nie et al. [7], Wang et al [8], Park et al. [9], and Qin et al. [10-11].
Theoretical study on the flexural strength and shear strength has been conducted by Kawano et al.
[12], Koester [13], Lu et al. [14], Morino et al. [15], Fukumoto et al. [16], Park et al. [17], Jiang et
al. [18], Nie et al. [19], Rong et al. [20], and Qin et al. [21-23]. Additionally, various connection
alternatives have been proposed and explored by researchers, such as the application of blind bolt
[24-26], combined channel angle connections [27], and through-bolt connections [28]. Damage
assessment [29], computationally performance simulation [30], and design approach investigation
[31] represent other areas of interest. Several state-of-the-art reports and papers also presented a
large number of research results on CFRT column-to-H-beam connections [32-36].
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However, few studies have considered the improvement of the through-diaphragm connections or
the seismic behavior of the panel zone. As a part of investigations on the seismic behavior of
CFRT connections, in this research, one traditional and three improved through-diaphragm
specimens were tested to evaluate the seismic performance of the connections subjected to cyclic
loading. The experimental results including moment-rotation response, strength and stiffness
degradation, ductility, drift rotation and energy dissipation have been presented in a parallel paper
[10]. An extension to this work which considers the behavior of panel zone, the deformation, and
the force transfer mechanism is described here.

2. CFRT CONNECTIONS
2.1 Traditional Connection Types
Three conventional connections are currently used for CFRT column moment resisting frame (MRF)

system in some Asian countries such as China, Japan and Korea [37]. As shown in Figure 1, each
employs an internal diaphragm, an external diaphragm, or a through diaphragm.
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(@) Internal diaphragm (b) External diaphragm (c) Through diaphragm

Figure 1. Conventional Details of Connections to CFRT Columns

The internal diaphragm connection is made by inserting the diaphragm into the steel tube and
connecting the beam flanges to the tube surface, as shown in Figure 1(a). It has the merit of not
interfering with the finishing materials outside the column. However, necessary measures should be
taken when infilling concrete into the steel tubes, in order to prevent the occurrence of voids under
the diaphragm. In this case, the tensile force transferred from beam flanges is directly delivered to
column flanges. Since the internal diaphragm is welded around its perimeter to the steel tube and
the steel tube column restrains the deformation of the diaphragm, most of the deformation in the
panel zone is concentrated along the direction of the thickness of the column flanges. When the
tensile force is large enough, the failure of the connections may accompany punching shear, which
induces the fracture of the weld between the beam flanges and column flanges. Additionally,
lamellar tearing of the column flange may occur at the same time. This failure mode was observed
in the simple tension test and cyclic loading test conducted by Choi et al. [38], as shown in Figure
2(a).
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The external diaphragm connection detail, as shown in Figure 1(b), attaches the diaphragm to the
outside of the steel tube and needs no cutting of steel tube for fabrication. However, the external
diaphragm lacks aesthetics and may have limitations on the size of the diaphragm for a joint of an
exterior frame. Due to the abrupt change of the cross-sectional area between the beam flange and
external diaphragm, the stress and deformation concentration there causes the failure of groove
weld [39].

The detail of through diaphragm connection, as shown in Figure 1(c), requires diaphragms
penetrating the steel tube and beam flanges directly welding to the through diaphragm. In this case,
the tensile force is transferred from the beam flanges to the through diaphragm. This detail
significantly moves the plastic hinge away from the steel tube surface and smooth the load transfer
path, although it involves much on-site welding and imposes construction complication. The failure
of connections is often caused by the crack developed in the groove weld between beam flanges
and through diaphragm, as shown in Figure 2(b) [38].

S

(@) Internal diaphragm (b) Through diaphragm

Figure 2. Example of Connection Failure

2.2 Proposed Connections with through Diaphragm

To avoid the abrupt change of cross section between the beam flanges and through diaphragm and
reduce the stress concentration there, three improved through-diaphragm connection details were
studied herein. Specimen JD-2 had a tapered diaphragm with an extended length of 320mm, as
illustrated in Figure 3(b). In Specimen JD-3 and JD-4, the through-diaphragm penetrated the steel
tube and extended a length of 20 mm. Horizontal haunches were attached to the beam flange to
form the tapered flange at the beam end as shown in Figure 3(c) and (d). These details were both
designed to transfer the tension force from the beam flange directly to the sides of the steel tube and
provide a more gradual transition in the geometry of the connection region. The weld access hole
shown in Figure 4(a) was used in specimen JD-1 and JD-2, while that in Figure 4(b) was used for
specimen JD-3 and JD-4. A more detailed description on the specimen design can be found in [10].
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Figure 4. Weld Access Hole

3. EXPERIMENTAL PROGRAM AND TEST RESULTS
3.1 Experimental Program

The test specimens were constructed in a tee shape to simulate the external connection of a steel
MRF with a height of 4.2 m and a bay width of 7.2 m. Four full-scale beam-to-column connections
were tested under quasi-static cyclic loading to study the hysteretic behavior of the existing and
proposed through-diaphragm connections to CFRT columns. The geometric detail of the
connections and the test setup are given in Figures 3 and 5, respectively. The pin boundary
condition was created where the inflection points were assumed. The horizontal cyclic loading was
applied to the specimen by an actuator bolted to the reaction wall. The lateral loading procedure of
the specimens was generally according to recommendations provided by ANSI/AISC 341-10 [40].
The layout of the displacement transducers is illustrated in Figure 6. The detailed description of the
test program is described in the parallel paper [10].
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Figure 6. Arrangement of Displacement Transducers
3.2 Lateral Force Versus Beam-Column Deformation Relationship

The lateral load versus beam-column deformation relationship is one of the principal ways of
assessing the seismic behavior of the connection. The force-deformation curves are shown in
Figure 7, in which force is the horizontal load applied to the top of the column and deformation is
the rotational angle of the beam-column measured by displacement transducer 3 and 4, as shown in
Figure 6.

It can be seen that the hysteresis loops of all the specimens are in a shuttle shape, stable, plentiful
and energy dissipative. A ductile behavior is developed as the number of cycle increases and the
cyclic loading process continues. No obvious strength or stiffness degradation is observed in the
test. As a consequence, the specimens exhibit satisfactory seismic performance. Meanwhile, it is
observed that the hysteresis behavior of proposed connections (Specimen JD-2-JD-4) achieved a
higher rotation capacity compared to the traditional through-diaphragm connection (Specimen
JD-1). This enhanced behavior is attributed to the additional seismic resistance that is provided by
the tapered diaphragm or the triangular plates at the end of the steel beam.
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3.3 Q, -y, Curves

Regarding through-diaphragm connections, the cyclic behavior is governed by the panel zone
and/or by the beam end. Considering the strengthening and stiffening effect of through-diaphragm,
the cyclic response of the connections is given by the cyclic shear behavior of the panel zone, by
the cyclic bending behavior of the connected steel beam, or by a combination of both [40]. In order
to evaluate the performance of the panel zone of the connection, Q, -y, hysteresis loops of the

specimens are shown in Figure 9. Q, is the shear force in the panel zone, y; is the shear
deformation in the panel zone as shown in Figure 8 and can be determined by Eq. 1.
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The hysteresis curves of all the specimens are almost linear, which demonstrated that the panel
zone of connections is still in the elastic range. The maximum shear distortions of the specimens
are less than 8x10™ rad. Consequently, it can be concluded that all the specimens have strong
panel zone and the energy absorbed is largely attributed to the components surrounding the panel
zone.
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The shear stiffness of these four connections was found to range from 6,639,545 kN/rad (Specimen
JD-1) to 7,532,542 kN/rad (Specimen JD-4), where the 11% and 13% increase in stiffness in
Specimen JD-3 and JD-4, respectively, is associated with the addition of the horizontal stiffeners to
the through-diaphragm connection detail. The tapered through-diaphragm connection detail
(Specimen JD-2) had a 12% greater stiffness than Specimen JD-1. Therefore, it indicates that the
connection detail provided a comparable stiffness to that of the traditional through-diaphragm
connection for steel beams-to-CFRT columns.

3.4 Deformation Analysis

When the specimens are subjected to lateral cyclic loading, the deformation of the connections is
based on the contribution of the CFRT columns, the steel beam, and the panel zone. As shown in
Figure 10, the displacement at the top of the column A is the summation of the displacement caused
by the column (A), the beam (A,), and the panel zone (A ;). Faella and Rizzano [40] pointed

out that from the theoretical point of view, the rotation of beams and panel zones is of concern in
the case of through-diaphragm connections, because in this case, yielding occurs at the member
ends.

—D-I&LI—

Figure 10. Deformation Analysis of An Exterior Connection

As shown in Figure 6, A is measured by transducer 1 and 2; A is obtained by transducer 5 and 6;
The total displacement of beam end and panel zone A, is determined by transducer 3 and 4.

Thus, A, can be calculated by Eq. 2. Another two transducers were installed at the bottom of the

box foundations to obtain the displacement there. The deformation analysis results are shown in
Figure 11, where 7, =A /A, 1, =A,/A.
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The displacement induced by the deformation of panel zone is the smallest. During the test, the
shear deformation of the panel zone developed insufficiently and the value of A, remained at an

extremely low level. In general, the displacement caused by beam end grew larger with the
continuing loading process. At the end of the test, the ratio of A, to A exceeded 80% in most

cases.

4, STRAIN DISTRIBUTIONS

Strain gauges were used to monitor the strains in the beam, through-diaphragm, and steel tube.
Placement of the beam strain gauges was mainly concentrated in the beam closer to the connection.
All readings were recorded using a computer. The layout of the strain gauges is illustrated in Figure
3. During the test, the strain distribution of Specimen JD-4 was similar to that of Specimen JD-3.
Thus, for ease of presentation, only the strains of Specimen JD-1, JD-2 and JD-3 are discussed
below.

4.1 Strains of Specimen JD-1

The distribution of the strains in the beam flange along the transverse direction are shown in Figure
12(a)-(e). The yield strain of the beam is 1740 ue. The test results showed that except for the strains
near the complete joint penetration weld, the strains were uniformly distributed along the width of
beam flange until the failure occurred. However, it was determined from Figure 12(b) that a
non-uniform strain distribution developed across the width of the beam flange adjacent to the
groove weld when the story drift angle exceeded 1.0% rad, and the value of strain at the side of
beam flange was larger than that in the center. This is because the weld access hole there reduces
the beam web section, which provides a weaker support to the center of flange of the beam and
induces more force transferred through the sides of beam flange. Meanwhile, the strain in the center
of the through-diaphragm was greater than that at the side. This phenomenon illustrates that the
force from the beam flange did not sufficiently transfer to the part of column wall far away from
the center.

Figure 12(f) shows the response of the strains in the beam flange along the longitudinal direction. It
should be noted that the strains decreased steadily as the distance between the measured location
and column face increased; the through-diaphragm and the end of the beam flange started to yield
when the story drift angle was greater than 0.75%. Additionally, there is a significant increase in the
strain at the location between the beam flange and the through-diaphragm because the abrupt
cross-section change there results in strain concentration.
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Figure 12(g)-(k) illustrate the strains of the beam web, where the positive values denote tensile
strains, while the negative values denote compressive strains. The behavior was plotted at the point
of each story drift. It demonstrates that the strains were linearly distributed over the section of the
beam when the story drift angle was less than 1.0% rad. However, the distribution of strains over
the section at a distance 20 mm and 200 mm away from the column face became non-linear when
the story drift angle was greater than 1.0% rad, which indicates yielding began to develop in the

web. This can also be seen from the slope change on moment-rotation curve.
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Figure 12. Strain Distribution of Specimen JD-1
4.2 Strains of Specimen JD-2

The strain distribution of Specimen JD-2 across the beam’s flange shows a very consistent and
similar behavior to that of Specimen JD-1, as shown in Figure 13(a)-(e). The cross-section strains
were uniformly distributed until the story drift angle arrived at 3.0%. However, the distribution of
strains became non-uniform when the story drift angle exceeded 3.0% rad. Compared to Specimen
JD-1, the distribution of strains of Specimen JD-2 in the through-diaphragm near the column face
shows different results. The strain level at the side was obviously higher than that in the center. This
can be explained by the fact that the tapered through-diaphragm helps the force transfer to a larger
part of column tube.

The strain distribution in the beam flange along the beam length is illustrated in Figure 12(f). It can
be seen that the tapered diaphragm provides a more gradual transition in the force transfer path,
although the strain concentration still developed at the location between the beam and the
diaphragm.

The strain distribution shown in Figure 12(g)-(j) indicate that yielding began to develop at a
distance 150 mm away from the column tube face. As the test progressed, the beam web had yield
for a distance of up to 350 mm before the connection failed. The same figure also shows that the
maximum strain located 700 mm from column face is almost equal to the yield strain at the
ultimate load. This result implies that this tapered plates connection detail significantly helps move
the plastic hinge away from the column and the length of yielded region was less than the depth of
beam.
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4.3 Strains of Specimen JD-3

Figure 14(a)-(f) show the typical strain profile measured across the width of beam flange at
different positions along its span, illustrating the different behavior which occurred. It is worth
noting the more evident change in the strain distribution as the cross-section is closer to the
connection, mainly attributed to the more extensive inelastic yielding of the steel beam. An
examination of the strains of the beam flange in the fractured area indicates that a significant
amount of strain had developed there. Reading from strain gauges located near the crack revealed a
strain had developed that exceeded 14,000 microstrain before fracture occurred. Strain gauge
readings revealed that a shear lag phenomenon developed along the width of through-diaphragm,
where the longitudinal strain was relatively larger in the location adjacent to the horizontal stiffener.
This indicates that a significant amount of the beam’s flange force was transferred from the triangle
plates to the sides of the steel tube that formed the connection’s panel zone.

Figure 14(g) illustrates response of the bottom flange strains along the longitudinal direction. The
strains were measured at the distance of 0 mm, 120 mm, 235 mm, 350 mm, 650 mm, and 950 mm,
respectively, from the column face. The specimen had less strain at both sides than it did in the
center of the beam. It is attributed to the effort of tapered plates which shares a large amount of
force transferred through the sides of the beam flange. It should be noted that the maximum strain
of the top and bottom flanges for Specimen JD-3 was obviously less than that in Specimen JD-1,
which implied that the triangular plates can affect the strain distribution of the beam.

The web strain response of Specimen JD-3 is shown in Figure 14(h)-(k). The yielding first
developed at the region 120 mm from the column face, which is expected since the its access hole
had a 300 mm longitudinal cut deep in the web of the beam, and the reduced web section of the
beam force most of the deformation occurring within this region.
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4.4 Key Findings

Comparison of strain distribution among four connections indicates that, it is evident that the
behavior in the beam strain was considerably influenced by the variation in the connection details,
as illustrated by results of Specimen JD-1, JD-2, and JD-3.

In the figure, it can be observed that both the web and flanges of the beams near the connections in
all specimens had far exceeded the yield strain. The traditional through-diaphragm connection
(Specimen JD-1) appeared to be the highest stressed at both the diaphragm and the beam flange at
the same load level. This phenomenon demonstrates that providing improvement to connection
configuration guarantees an increase in rotation capacity and a significantly higher strength
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capacity. Moreover, the connection details have a significant influence on the position of the plastic
hinge and determine whether or not the force can be sufficiently delivered from the steel beam to
the CFRT column.

Meanwhile, Specimen JD-3 had the highest strain values in the web, which is reasonable since the
deep longitudinal cut in the web results in the stress concentration there. This is also the region that
was designed to absorb the seismic energy and thus, provide a ductile behavior of the
through-diaphragm connection.

S. SUMMARY AND CONCLUSIONS

In this paper, an experimental program comprising four through-diaphragm connections subjected
to cyclic load was conducted, and the relationship of lateral force versus beam-column rotation,
shear force versus shear distortion curves, deformation, and strain distribution were analyzed. The
main conclusions can be drawn as follows:

(1) The lateral force versus beam-column rotation response of the proposed connections was
obviously enhanced when compared to the traditional connection, attributed to the improved
geometrical detail of the connection. This indicates that seismic resistance of the proposed
connections is much better than the existing one. As a result, the proposed types are more suitable
for application in moment resisting frames in seismic regions.

(2) The stiffness of the proposed connections is higher than that of the traditional one. Therefore,
the beneficial effect of the elements surrounding the panel zone should be taken into account to
calculate the shear stiffness.

(3) The deformation of the beam end is the largest contribution to the total displacement of the
connection. This demonstrates that more yielding occurred there.

(4) The connection details clearly affect the load path how the force is transferred from the beams
to the columns. Additionally, the proposed types significantly alleviate the stress concentration in
the beam flange and evidently enhance the ductility of the traditional connection.
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