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Abstract. Previous theoretical equations for the shear capacity of steel beam to concrete filled steel tube
(CFT) column connections vary in the assumptions for the shear deformation mechanisms and adopt
different equations for calculating shear strength of each component (steel tube webs, steel tube flanges,
diaphragms, and concrete etc.); thus result in different equations for calculating shear strength of the joint.
Besides, shear force-deformation relations of the joint, needed for estimating building drift, are not well
developed at the present. This paper compares previously proposed equations for joint shear capacity,
discusses the shear deformation mechanism of the joint, and suggests recommendations for obtaining more
accurate predictions. Finite element analyses of internal diaphragm connections to CFT columns were
carried out in ABAQUS. ABAQUS results and theoretical estimations of the shear capacities were then used
to calibrate rotational springs in joint elements in OpenSEES simulating the shear deformation behavior of
the joint. The ABAQUS and OpenSEES results were validated with experimental results available. Results
show that: (1) shear deformation of the steel tube dominates the deformation of the joint; while the thickness
of the diaphragms has a negligible effect; (2) in OpenSEES simulation, the joint behavior is highly
dependent on the yielding strength given to the rotational spring; and (3) axial force ratio has a significant
effect on the joint deformation of the specimen analyzed. Finally, modified joint shear force-deformation
relations are proposed based on previous theory.

Keywords: joint behavior; CFT columns; shear capacity; shear deformation mechanism; finite
element analysis; shear force-deformation relations

1. Introduction

Concrete filled steel tube (CFT) columns are preferred for high rise buildings in China and
many other Asian countries because of their superior seismic performance, ability to carry large
bidirectional loads efficiently, and their constructability (Morino and Tsuda 2003). Compared to a
reinforced concrete (RC) structure, a structure with CFT columns requires smaller column sections,
resulting in more usable space, a critical issue in making high rise building economical. Compared
to a steel structure, a structure with CFT columns requires less steel usage while providing larger
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lateral stiffness, another important advantage for high rise structures that are typically controlled
by drift under wind loads. Systems based on CFT columns have a number of additional advantages
such as prefabrication of large column trees in a well-controlled fabrication environment, quick
field bolted connections to girders, and a rapid construction cycle that allows multiple trades to
work within a few floors of one another as the building construction progresses.

Connections between steel beams and CFT columns with internal diaphragms, external
diaphragms, and through diaphragms are recommended in the Chinese design specifications
(CECS 2004). Connections with through diaphragms are the main connection type in Japan,
because it is considered to be the most appropriate connection to achieve the strength, stiffness,
and ductility required for a moment resisting connection (Elremaily and Azizinamini 2001).
However, for fabrication the column needs to be divided into three parts (an upper column, a lower
column and a joint region) with the through plates sandwiched between them. This requires
extensive welding of thick sections, which results in the need for careful fabrication and inspection.
Connections with internal diaphragms are common in the US and Japan because of relatively
easier fabrication and less welding involved if the columns are large. Connections with external
diaphragms have more application than other two connection types in China. This is probably due
to large stiffness and ease of fabrication of this connection type. However, external diaphragm
connections require more steel usage and welds, which is not economic in super-high rise building.
Moreover, researchers have found that the design capacity of the connection may not be achieved
in some cases because of local yielding of the external diaphragms (Zhou 2004).

Compared to external diaphragms or through diaphragm connections, internal diaphragm
connections require less steel usage and present better appearance (Fig. 1). These connections are
preferred in high rise buildings with mega-columns, considering easy fabrication and an overall
cost-effect. In a typical internal diaphragm connection, the beam flanges are connected to the steel
tube by full penetration groove welds; the beam webs are bolted/welded to the shop welded plates
on the steel tube; and, the internal diaphragms are welded to the steel tube from the inside at the
flange locations with full penetration groove welds. In a mega-column, the welders can work
inside the column, so the column can be kept continuous. In smaller columns, internal diaphragms
are welded to three sides of the steel tube, and then the fourth side of the steel tube is built up to
complete the steel tube.

The Chinese specification suggests that the splicing of the columns should be in the middle 1/3
height of the column to avoid stress concentration in the joint area. In the joint, the moment from
the beam is transferred to the column by internal diaphragms; the shear force is transferred to the
column through bolted connections or welds; and the shear force in the joint area is resisted by the
steel tube flanges and webs, internal diaphragms and concrete. Previous experimental studies (Lu
et al. 2000, Ricles et al. 2004, Wang et al. 2005) showed that internal diaphragm connections
result in excellent seismic performance. However, careful welding or special details are needed in
order to prevent brittle fracture in the beam-column connections (Youssef ef al. 1995, Ricles ef al.
2004, Latour et al. 2011).

The Chinese specification (CECS 2004) provides equations for the shear capacity of joints with
internal diaphragms. However, the equations are quite different compared to Japanese
specification (AlJ 1991). More research (Zhou 2004, Wu et al. 2007) has been done on the joint
behavior and varies estimations on the shear capacity have been given. While it is important to
estimate the joint shear capacity in designing a joint, differences of these equations need to be
clarified and the accuracy of these equations needs to be validated. This paper will discuss and
compare these equations theoretically, and case studies will also be provided for illustration.
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Fig. 1 Connections with internal diaphragms suggested in Chinese code (CECS 2004)

Shear strength has been the main focus of many previous research projects. However, the
design of a frame structure requires an accurate prediction of system drift, and this cannot be
obtained without a reasonable model for the shear force-deformation of the joint panel zone. The
further purpose of this paper is to model the joint behavior between CFT columns and steel beams
with internal diaphragms, and study shear force-deformation behavior. This will serve as the first
step for development of a comprehensive joint model for design similar to those proposed for
other structural types (Lowes and Altoontash 2003, Ibarra et al. 2005). The damage mechanism
will be discussed and associated nonlinear damage relations will be introduced in this paper. A
companion paper describes the case of through diaphragms.

2. Joint behavior
2.1 Joint shear strength

The expressions available in the literature for the shear capacity of the joints (Lu et al. 2000,
Elremaily and Azizinamini 2001, Zhou 2004, Fukumoto and Morita 2005, Nie and Qin 2007) vary
in their assumptions for the shear deformation mechanisms of the joint, in particular with respect
to the relative shear capacity ascribed to the concrete and the steel tube. Lu’s research (Lu et al.
2000), on which the Chinese code (CECS) is based, assumes that two steel tube webs (V,,
calculated from moment resisting capacity of the steel tube webs: M,,,) and their welds (V,,, shown
as shear strain w in welds), two internal diaphragms (V,, calculated from moment resisting
capacity of the diaphragms: M,;), and the concrete in the joint area (V..,.) work together at their
nominal design strengths (f, and f.) to resist the shear force in the joint (Fig. 2). Most importantly,
this approach assumes that their contributions can be added algebraically. This additive approach
of simple mechanisms is typical of code approaches for the shear strength design of joints and
parallels to those given, for example, for joints between steel beams and concrete columns in
AISC 341-10 (AISC 2010).

Three issues need to be clarified with respect to the current Chinese specification approach and
to similar design provisions that are analogous to Lu’s approach:

e The assumption that the internal diaphragm has reached yield may not be appropriate,
because the internal diaphragms are highly restrained by the concrete and the steel tube in
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Fig. 2 Contributions of the shear capacity of the joint

the joint area and may not be free to deform and yield as envisioned in a simplified
mechanism approach.

The method does not account for the effect of axial force on the shear capacity of the steel
tube or the concrete. It is well-known that there is a shear-axial force interaction particularly
for concrete, and the use of mechanisms calibrated for specimens with low or no axial load
is not necessarily conservative.

The welds and the steel tube webs are working in series under shear force, and thus their
contribution to the shear capacity should be taken as the smaller one of the two, not as the
summation of the two.

Zhou (2004) proposed another simple model to transfer joint shear in which the two steel tube
flanges and two internal diaphragms combine to form a “steel frame”, and the two steel tube webs
act as a “shear wall”. The “steel frame” (shear strain: 7), “shear wall” (V,,= 2V,..;) and the concrete
(Veone» fo represents the compression force in the concrete, and 6 is the shear deformation in the
joint) in the joint area act together to resist the shear force (Fig. 2). This model assumes that the
“shear wall” yields first, then four plastic hinges appear on the steel tube flanges in the “steel
frame”, and finally the concrete reaches its compressive limit and fails. Similar to Lu’s approach,
Zhou’s model has some potential problems:

It takes into consideration the axial force in computing the shear capacity of the steel tube
webs, but ignores this effect for the “steel frame”. At least, this appears to be inconsistent.
The ultimate strength of the steel tube flanges is used in the calculations rather than a
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modified nominal value. This approach seems based on the calibration from tests but is
inconsistent with compatibility of deformations and inconsistent with the use of yield values
elsewhere in the calculations.

e The shear capacity of the concrete is calculated directly from an empirical expression for a
steel shape reinforced concrete column connection without consideration of the difference in
confinement of the joint. The generality and accuracy of this type of expression is subject to
debate.

The Japanese code for composite connections assumes that two steel tube webs and the
concrete in the joint work together to resist the shear force in the joint and gives very simple
equations (Fig. 2) for the shear capacity of the joint (Morino and Tsuda 2003, AIJ 1991). The
issues of this approach are:

e The contribution of the steel tube flanges is not included in the equation; this approach will
underestimate the shear capacity of the joint.

e The effect of the axial force on both the capacity of the steel tube webs and the concrete is
not considered. This will overestimate the shear capacity of the joint.

Researchers believe that the effects of the two issues mentioned above are of about the same
magnitude, thus can cancel each other in the design. This justification cannot be accepted if a
correct analysis is desired.

2.2 Joint shear force-deformation relations

All the theories above give the shear capacity but not the related shear deformation of the joint.
The shear force-deformation relationship of the panel zone has been studied by several researchers
(Fukumoto and Morita 2005, Nie and Qin 2007, Wu ef al. 2007). The equation proposed by Nie
and Qin (2007) provide close estimation of the elastic stiffness of the joint, but the estimations on
unloading stiffness and energy dissipation capacity are far off from many experimental results.
The equation proposed by Fukumoto and Morita (2005) gives satisfactory estimation of the joint
up to the concrete ultimate strength; while underestimates the shear capacity after the concrete
reaches its ultimate strength. Wu’s equation (Wu ef al. 2007) is derived from bolted joints to
concrete-filled tubes. It assumes that two steel tube webs (V,,, = 2V,,.;) undergo shear deformation
and two steel tube flanges experience flexural deformation (V= 2Vjane.) (Figs. 2(a) and (d)) under
shear force. The Mohr-Coulomb failure criterion is adopted in this method to evaluate the ultimate
shear capacity of the concrete (Veone = A", 0x, 0,), f' is the compressive force in the concrete, and
oy, oy is the confining force from the steel tube). The writers believe that the shear deformation
mechanism of Wu et al. (2007) is reasonable and easy to understand. However, this method was
derived for bolted connections and validations are needed for its application to welded connections.
In this research, Wu’s equation will be used to derive shear force-deformation relationship of the
welded connections; then the shear force-deformation relationship will be implemented into open
software OpenSEES (Mazzoni et al. 2007) and compared to experimental data available.

2.3 Joint deformation

The typical deformation of a connection under moment and shear forces (V3, V) is shown in
Fig. 3. The deformation of the joint includes a rigid rotation of the joint € due to elastic and
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inelastic flexural deformations in the beams and columns, and the shear deformation y; and y, due
to shear force (the positive sign represents a decrease of the angle ABC). The shear deformation of
the panel zone y is

y=Entr,=a+p (D

Where, o and f are the deformation of steel tube flanges (side AB) and internal diaphragms
(side BC), respectively.

From a finite element analysis, such as those that can be conducted using ABAQUS (DSSC
2010), the displacements of the nodes at the four corners of the panel zone (node A, B, C, D) are
easily obtainable, and the total shear deformation of the joint can be expressed as

(dry = dxy) +(dxp —de) | (dzp —dz,) + (dzg —dzp)
2h, 2h

y=af= @

c

Where, dx; (i = A4,..., D), dz; i = A4,..., D) are the global displacements of each point in the X and Z
directions, respectively; 4. is the width of the panel zone; and /4, is the height of the panel zone.
This equation will be used to calculate the shear deformation of the joint from ABAQUS analysis,
and will be compared to the experimental data available from the literature.

To arrive at simplified expressions for including shear deformation into the design of
composite connections, detailed analysis of several test specimens found in the open literature
were carried out using ABAQUS. These models served to clarify force transfer mechanisms,
address compatibility concerns, and assess concrete effectiveness. Based on these studies, a
simplified joint model consisting of several springs was developed and implemented in
OpenSEES.

3. ABAQUS analyses of the connections
3.1 ABAQUS models

The purpose of this study is to investigate the effect of diaphragms on the shear capacity of the
joint. Five finite element analysis models of connections between steel beams and square CFT
columns with internal diaphragms were developed utilizing ABAQUS (Table 1). The YG3, YG4,
and YGS5 models differ in the concrete strength, steel tube thickness and axial force ratio; and the
results are validated with experimental data available from Lu’s test (Lu et al. 2000). In the test,
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Table 1 Specimen details

Hollow section of ~ Beam section Diaphragm thickness td .
. : . Axial load N Concrete
Specimens  the column Acxt hbxbfxtwxtf (internal diameter)
(kN) grade
(mm) (mm) (mm)

YG3 200 x5 260x100%x5x5 6 (®70) 0.4N0 (900) C50
YG4 200 x4 260x100%x5x5 6 (®70) 0.2N0 (900) C40
YG5(BASE) 200 x4 260x100%x5x%5 6 (®70) 0.4N0 (900) C50
NOD 200 x4 260x100%x5x5 N/A 0.4N0 (900) C50
2TD 200 x4 260x100%x5x%5 10 (©70) 0.4N0 (900) C50

constant axial force was applied on the top of the column, and cyclic loading was applied on each
beam end. The YG5 (BASE), NOD and 2TD models differ in the diaphragms details: the NOD
model has no diaphragms; the BASE model has 6 mm thick diaphragms and the 2TD model has
10 mm thick diaphragms. Monotonic analyses in ABAQUS were compared to the cyclic analyses
in the test due to difficulty in modeling damage in the highly confined concrete in the joint under
cyclic loading. Validation of the structural behavior with monotonic loading using cyclic test
results is reasonable because the YG3, YG4, and YGS5 connection tested by Lu showed stable
hysteresis characteristics and little deterioration with cycling loading (Lu et al. 2000).

Model with symmetrical boundary conditions was created in ABAQUS in order to save
computational memory and time. Previous analyses (Hu 2008) have proved that this technique is
reliable and cost-effective. The models were composed of several independent parts including steel
tubes, concrete, beams and internal diaphragms, as shown in Fig. 4. Three dimensional eight nodes
brick element with full integration and incompatible modes (C3D8I) were adopted for all the parts
above. A finer meshing was used in the joint area in order to capture the complex stress
distribution (Fig. 4). A total of 5362 nodes and 3132 elements were used.

Steel meeting the Chinese Q235 specification (essentially equivalent to an ASTM A36 in
strength and ductility) was used in the test and the strength of the steel material was varied with
the thicknesses of the steel plates. A bilinear stress-strain relationship with a strain hardening of
1% was adopted for all the steel materials. The material strength varied slightly depending on the
thickness of the steel tubes (4 mm or 5 mm), beams (5 mm) and diaphragms (6 mm) and a 0.2%
strain offset was initially considered to be the yield stress as Q235 does not have a clear yield point
as true A36 would have. The yield stress was increased by 10% in the ABAQUS final analyses in
order to better representing the real constitutive model of the steel.

The constitutive models for the concrete incorporated the confinement from the steel tube
calculated utilizing the approach from Han (2004), in which the coefficient of restrain effect from
the steel tube to concrete is used. The concrete damaged plasticity model in ABAQUS was used;
this model accounts for tension stiffening of the concrete. Only the tensile damage factor was
utilized in the model in order to avoid convergence problem caused by the crushing of the concrete.
As there is very limited slippage between the concrete and the steel tube in the joint area because
the concrete is capped by two internal diaphragms, the effect of the slippage between the concrete
and the steel tube on the overall behavior of the connection is small. Thus a “tie constraint” was
used between the concrete and the steel tube along the whole height of the steel tube in the BASE
and 2TD model. Even though the NOD model has no diaphragms, the “tie constraint” is still
adopted; so the only difference among these three models is the diaphragm thickness. Similarly
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Fig. 4 ABAQUS model of the BASE model

both the concrete and the diaphragms and the beam and internal diaphragms were tied to the steel
tube.

A pressure P was applied at the top of the column to represent the axial force N in the first step,
and lateral displacements A, were applied on the nodes at both beam ends in the second step.

3.2 ABAQUS model validations

The story shear force (shear force acting on column end, V,)-story drift rotation (R,) relations of
the YG3, YG4, and YGS5 model are compared to the test in Figs. 5-7 (the story shear force-story
drift rotation curve for YGS is given, while only maximum strength and related rotation of YG3
and YG4 are provided in the literature). The model provides close simulation on the maximum
strength (O, = 114.0 kN for YG3, Q.. = 118.8 kN for YG4) and related story drift rotation (R, =
0.0401 radians for YG3 and R.; = 0.0401 radians for YG4) for YG3 and YG4 model. The loading
was only in positive direction in ABAQUS analyses, but the negative portion is plotted as
symmetrical in order to get a full sight into the comparison for YG5 (BASE) model (Fig. 7). The
ABAQUS model gives close estimation of the BASE model in the light of initial stiffness and
strength. The shear force (V))-deformation (y) relation of the joint in the BASE connection is
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Fig. 5 Vc-Rt curve of the YG3 connection Fig. 6 Vc-Rt curve of the YG4 connection
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shown in Fig. 8 (shear deformation of the joint is calculated from Eq. (2)). The estimated shear
deformation is close to that in the test for most of the load history, while the shear deformation
localizes in the positive direction in the last two cycles in the test. It shows that the ABAQUS
model gives satisfactory simulations to the test results with varies parameters including concrete
strength, steel strength, steel tube thickness and axial force ratio.

3.3 ABAQUS results

This section mainly discusses analyses results for YG5 (BASE), NOD, and 2TD models to
investigate the effect of diaphragms on shear strength and deformation of the joint.

3.3.1 Plastic strain distributions

The plastic strain distribution in the joint area is studied to obtain a visual insight of the force
transfer path and possibly provide a potential yielding mechanism of the joint. Fig. 9 shows the
plastic strain (Max PE) distribution in the beams at a story drift rotation angle of 0.035 radians
(NOD model fails to converge after 0.035 radians). The plastic strain is concentrated in a very
small area of the beam in the NOD model (Fig. 9(a)). It is distributed over a larger area in the
BASE model (Fig. 9(b)) with a local strain concentration at the flange corner (see the red circle in
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Fig. 9 Maximum principal strain in the beam
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Fig. 9(b)). The plastic strain distributed uniformly over the entire flange width of the beam in the
2TD model (see the red circle in Fig. 9(c)). This shows that the stiffening effect of the diaphragms
leads to a more distributed force transferring mechanism as the thickness of the diaphragms
increases.

Fig. 10 shows the minimum principle stresses of the concrete in the joint at the story drift
rotation angle of 0.035 radians. Compared to the stresses in the NOD model (Fig. 10(a)), the stress
distribution shows a clear compression strut in the concrete both in the BASE and 2TD models
(Figs. 10(b)-(c)). Compared to the BASE model, the compression strut covers a wider and more
complete path in the 2TD model (see the area between red lines). This indicates that the
diaphragms have a significant influence in confining the concrete in the joint; the confining area
increases with the increase of the diaphragm thickness.

3.3.2 Shear capacities

The story shear force of the 2TD model (107.7 kN) at R, = 0.035 radians is close to that of the
BASE model (109.6 kN), while the shear capacity of the NOD model (63.9 kN) is only about
58.3% of that in the BASE model (Fig. 11). The shear deformation in the joint of the 2TD model
at R, = 0.035 radians (0.0054 radians) is close to that of the BASE model (0.0056 radians), while
the shear deformation of the joint in the NOD model (0.0263 radians) is 4.7 times that of the
BASE model (Fig. 12). The shear deformation component of the joint is further shown in Fig. 13.
It is obvious that shear deformation components o and p of the 2TD model are close to those of the
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BASE model, leading to very similar resultant shear deformations y in both specimens (Figs.
13(b)-(c)). However, the shear deformation o of the NOD model is much larger than that of the
BASE model, and the shear deformation component § has the same sign (both positive sign),
leading to a much larger shear deformation than the BASE model (Fig. 13(a)).

The force transferred through diaphragms and the relative deformation of two steel tube flanges
are shown in Fig. 14 (in order to compare, the diaphragms in the NOD model simply refer to the
concrete at the location of the internal diaphragms in the BASE model). The force transferred
through the “concrete diaphragm” of the NOD model (61.5 kN) is only around 36.5% of that in the
BASE model (166.6 kN) at R, = 0.035 radians because of different force transferring mechanisms
between concrete and steel diaphragms. The force transferred through the diaphragms in the 2TD
model (161.6 kN) is close to that in the BASE model. This shows that the steel diaphragms
transfers force efficiently from the beam flanges to the column; increasing of the thickness of the
diaphragms does not make a significant difference in the force transferred.

The comparison shows that the internal diaphragms increase both the shear strength and
stiffness of the joint; this is achieved by forcing the two steel tube flanges to deform as one body
in the joint. However, this increase of strength and stiffness has a limit. Further increasing the
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Fig. 13 Component deformations of the joint
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diaphragm thickness (from 6 mm to 10 mm) does not have a significant increase on the strength or
stiffness of the connection.

4. OpenSEES analyses of the connections

As noted in the introduction, previous researchers have made different assumptions about the
applicable shear deformation mechanism of the joint. This results in different equations for
calculating the shear strength contribution of the steel tube and the concrete. In this section, the
shear capacity from different theories are calculated and compared to the ABAQUS analyses.
Then, models are created in OpenSEES to analyze the effect of the shear force-deformation
relation of the joint on the overall behavior of the joint and the connection (Fig. 15). The
OpenSEES model utilizes “NonlinearBeamColumn” fiber elements for both the column and the
beam. In the joint, zero length translational springs are used to simulate the column-joint (GS1 and
GS2), and beam-joint (GS3 and GS4) connections, and a zero length rotational spring (R1) is used
to represent the shear mechanism in the shear panel zone. An “Elastic” material with high stiffness
(1.0 x 10" N/m) is used for the springs at column-joint connections, and beam-joint connections to
simulate perfect welded connections. A “steel02” material was used for the shear force-shear
deformation curve for the rotational spring in the joint; this relationship was obtained from the
ABAQUS analyses or Wu’s equation and was transformed into a moment-rotation relationship.

4.1 Shear capacity from available theories

The estimated shear capacity contributions of each component (steel tube webs, steel tube
flanges, internal diaphragm, concrete, etc.) are calculated in this study for BASE, NOD and 2TD
connections based on available theories including AlJ, CECS, Wu and Zhou. The contributions are
normalized by dividing 6.68 x 10° N (shear capacity of the joint calculated from CECS) for
convenient comparison, shown in Table 2. The authors believe that the welds should not be
considered in CECS equation and the estimated shear capacity of the panel zone without the weld

Fig. 15 Connection model in OpenSEES
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Table 2 The shear capacity of the connections with internal diaphragms (BASE, NOD and 2TD)

Specimens Theories Steel/glgzswebs /irs1tt::r11;1u gfaﬂl?rn z;ggerils Concrete Joint
AlJ 0.380 0.000 0.645 1.025

CECS 0.599 0.010* 0.391 1.000

BASE CECS-m 0.219 0.010* 0.391 0.620
Zhou 0.329 0.005° 0.747 1.084

Wu 0.365 0.003° 0.293 0.662

AlJ 0.380 0.000 0.645 1.025

CECS 0.599 0.000 0.391 0.990

NOD CECS-m 0.219 0.000 0.391 0.609
Zhou 0.329 0.005° 0.747 1.084

Wu 0.365 0.003° 0.293 0.662

All 0.380 0.000 0.645 1.025

CECS 0.599 0.029° 0.391 1.018

2TD CECS-m 0.219 0.029° 0.391 0.638
Zhou 0.329 0.005° 0.747 1.084

Wu 0.365 0.003° 0.293 0.662

Note: * contribution from internal diaphragms; * contribution from steel tube flanges

contribution is also listed in the table (see CECS-m). Take the BASE model for example, the
calculated shear capacities of the joint from AlJ (1.025), CECS (1.000) and Zhou (1.084) are
close; while Wu’s estimation (0.662) is around 66% of the former. The total shear capacity of the
joint is comparable from different theories; however, the contribution from each component is far
off. CECS equation takes into account contributions from steel tube webs, welds, and concrete: the
contribution from steel tube webs and welds (0.599) is more significant over concrete (0.391);
while the diaphragms contribution is only 0.01. AIJ equation only considers shear strength
contribution from concrete and steel tube webs, and the concrete contribute a more significant part
(0.645) over steel tube webs (0.380). Zhou’s equation includes shear strength from steel tube webs,
steel tube flanges, and the concrete; while the concrete shear strength (0.747) is more than two
times of the steel tube webs (0.329); steel tube flanges only contribute 0.005. In Wu’s equation,
the contribution of the concrete (0.293) and steel tube webs (0.365) are close, while steel tube
flanges shear strength is only 0.003. The reason for different component contribution is that each
theory assumes different deformation mechanisms and adopts different methods of calculating the
shear strength of each component.

The estimated shear capacities of NOD and 2TD models are the same as BASE model from AlJ,
Zhou, or Wu estimations because the diaphragms have no shear contributions in these three
theories. According to CECS equation, diaphragms contribute 1% of the joint shear strength in
BASE model; while they contribute around 3% (0.029/1.018) of the joint shear strength in 2TD
model. While it seems from the CECS equation that the diaphragms may contribute a significant
part in the shear strength, the calculation shows that the shear strength contribution of the
diaphragms is negligible. Because of this reason, the calculated shear strength of the NOD model
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Fig. 16 Shear capacity of the BASE connection

Table 3 Shear capacity of the SCP and SCC connections

Steel tube webs Steel tube flanges

Specimens Theories welds Jinternal diaphragms Concrete Joint
All 0.305 0.000 0.102 0.407

CECS 0.428 0.024* 0.046 0.498

SCP CECS-m 0.124 0.024*° 0.046 0.194
Zhou 0.278 0.003° 0.117 0.399

Wu 0.283 0.003° 0.058 0.363

All 0.662 0.000 0.084 0.747

CECS 0.066 0.024° 0.046 1.000

SCC CECS-m 0.269 0.024° 0.046 0.338
Zhou 0.562 0.014° 0.094 0.670

Wu 0.566 0.014° 0.051 0.651

is only 1% less than the BASE connection, and that from 2TD connection is only 2% higher than
the BASE connection from CECS theory. This serves a proof that the thickness of the diaphragm
has a very limited effect on the shear capacity of the joint. The shear capacity of the BASE model
is further compared to the ABAQUS estimation in Fig. 16. Wu’s equation has a close estimation
on the initial stiffness of the joint compared to ABAQUS simulation.

The difference of these theories is extensively studied by calculating shear strength of other two
connections tested by Morino et al. (1993). The thickness of the steel tube in the joint area of SCC
connection is two times of that in SCP connection. Their shear strength is listed in Table 3. All the
values are divided by 7.22 x 10° N for convenient comparison, which is the shear capacity of the
joint in SCC connection calculated from CECS equations. It is seen that the joint shear strength of
the SCC connection is almost two times of SCP connection from each theory; steel tube webs and
concrete contribute most of the shear strength for the joint, while shear strength contributions from
steel tube flanges/internal diaphragms are negligible.
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4.2 Shear capacity of the joint from ABAQUS analyses

A bilinear curve is adopted to simulate the shear force-deformation relationship curve from
ABAQUS analysis. This relationship is then transformed to a moment-rotation relationship and is
used to calibrate the rotational spring in the panel zone in OpenSEES analysis for the BASE
connection. It is seen that the story shear force-story drift rotation relations from OpenSEES
analyses are in good agreement with the ABAQUS analysis and the test result in terms of the
strength and stiffness (Fig. 17(a)) of the connection. The model also gives reasonable estimation of
the shear deformation of the joint (Fig. 17(b)). The larger shear deformation in the test may due to
loss of stability in the last cycle.

4.3 Shear capacity of the joint from Wu's equation

An OpenSEES analysis utilizing the joint deformation mechanism from Wu’s was also
conducted for the BASE connection. The model results in a good simulation of the overall strength
and stiffness of the connection (Fig. 18(a)). However, the joint mainly stays in the elastic range in
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Fig. 17 OpenSEES results with joint behavior obtained from ABAQUS analyses for the BASE connection
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Fig. 18 OpenSEES results with joint behavior obtained from Wu’s equation for the BASE connection
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the OpenSEES analyses and experiences very limited deformation (-0.002~0.002 radians for the
last cycle), while the joint reaches plastic range and experiences large plastic deformation
(-0.006~0.011 radians for the last cycle) in the tests. It is obvious that Wu’s equation
underestimates the shear deformation of the joint. This result illustrates one of the problems of
blindly utilizing models with concentrated springs; while the overall results may appear reasonable,
the individual contributions may be completely off.

5. Modified shear force-deformation relations of the joint
5.1 Shear force-deformation relations of the joint

From the shear deformation results from the ABAQUS analyses, the “a type deformation”
(shown in Fig. 2) is dominant for BASE, NOD, and 2TD connections (Fig. 13). The analyses show
that that the yielding of the steel tube flanges and webs corresponds to the point where major
yielding of the joint occurs. A comparison of the BASE connection and the 2TD connection shows
that the thickness of the diaphragms does not have a significant effect on the shear strength of the
joint. This would imply that the diaphragms do not directly contribute to the shear capacity of the
joint. However, the analyses shows that deformation of the steel tube flanges should be considered
in the shear deformation mechanism. Thus the shear deformation mechanism of Wu’s method
rather than that from CECS method is more appropriate for these connections. Wu’s approach
gives good estimation for the story shear force-drift story rotation relationship of the BASE
connection, but underestimates the shear deformation in the joint. Thus modifications should be
made to Wu’s approach in order to better simulate these connections.

Wu’s equation assumes that the yielding mechanism of the joint experiences four stages (Wu et
al. 2007): (1) The concrete “yields” first because of its low shear strength compared to the steel
tube; (2) Next, the concrete reaches its ultimate shear strength; (3) Then the steel webs yield; (4)
Finally, four plastic hinges occur in steel flanges, and the joint reaches its ultimate strength. While
it is a common knowledge that the shear capacity of the steel tube will decrease under axial force;
this effect was negligible in Wu’s calculation. Wu’s equation does not consider the effect of the
axial force ratio on the shear capacity of the steel tube, which gave satisfactory estimations on
experiments conducted. However, the effect of neglecting this decrease on joint simulations
(rotational spring) in OpenSEES needs to be verified.

5.2 OpenSEES verifications

Shear capacity of the BASE connection (axial force equals to 0.4) is recalculated with the
consideration of the axial force ratio effect in Wu’s equations. The complete (four stages) shear
force-deformation relationship of the joint is shown in Fig. 19. The calculated relation in Fig. 19
serves as verification on the assumption of the yielding order of each component in the joint. The
four stage shear force-deformation relation gives a close estimation of the stiffness compared to
ABAQUS results. Meanwhile, estimated shear capacity of the joint from the modified method is
6% lower than Wu’s estimation, as a result of taking into consideration of the effect of axial force
on the steel tube.

The model for the BASE joint was implemented in OpenSEE with the joint behavior calculated
from the modified formulas. However, a bilinear relationship instead of the four lines curve of the
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joint was adopted to represent the joint behavior in the OpenSEES analyses for simplicity. In the
last cycle (Fig. 20), the simulated shear deformation is 0.018 radians (-0.010~0.008 radians),
compared to the test result 0.017 radians (-0.006~0.011 radians). The result shows that the
modified formula gives a close estimation both on the global behavior of the connection and the
shear deformation of the joint.

5.3 Discussions of the axial force ratio on the column

A noticeable phenomenon is that, the shear capacity of the joint in the BASE connection from
the proposed formula is only 6% less than the estimation from Wu. However, the shear
deformation from the proposed formula is close to the test results while that from Wu is much
smaller. This is because the yielding shear force of the joint is around 4.2 x 10° N from ABAQUS
analyses. The estimated yielding strength from Wu is 4.41 x 10° N, so the joint stays in the elastic
range (Fig. 20(b)) under loading; while the estimated yielding force from the proposed formula is
4.16x10° N, and the joint experiences plastic deformation under the loading. This shows that the
simulation of the shear deformation of the joint highly depends on the yielding strength given to

6.0E+05 6.0E+05
Z s + £
e 4.06+05 w 1OFH05
E = Ahaqus g
[] ]
5 2.0e+05 WU g 20405

e \\U-m
0.06+00 € 0.0E+00 €
] 0 0.02 0403 0 0.005
Shear deformation {rad} Shear deformation {rad}
(a) Full curve (b) Magnified view

Fig. 19 Shear force-shear deformation curves of the joint from the proposed equation (BASE model)
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the rotational spring. Neglecting the axial force ratio has a minor effect on the shear strength of the
joint, while it has a significant influence on the simulated shear deformation of the joint in the case
of joint yielding.

6. Conclusions

Finite element analyses are conducted in ABAQUS to investigate the damage behavior of the
internal diaphragm connections to CFT columns with experimental validations from literature.
ABAQUS results show:

e The existence of the diaphragms increases both the strength and stiffness of the connection.
However, this increase has a limit. Further increasing the thickness of the diaphragms does
not have a significant effect on the overall behavior of the connection.

e The deformation of the steel tube flanges (a type deformation) in the joint area other than
the diaphragms (f type deformation) dominates the shear deformation of the joint.

The shear force-deformation relations of the joint are obtained from ABAQUS analyses and
compared to the shear capacities calculated from previous theories. While these theories give
varies estimations on the shear capacities of the joint, one common feature is that concrete and
steel tube webs contribute most of the joint shear strength and the contributions from steel tube
flanges or diaphragms are negligible. Wu’s equation is found to be more appropriate for estimating
shear strength of diaphragm connections.

OpenSEES analyses on these connections are then conducted with the joint behavior obtained
from ABAQUS or Wu’s estimation. The results show that:

e The OpenSEES model with joint behavior from ABAQUS analyses gives a close simulation
to the connection.

e The simulation of the OpenSEES model with joint behavior from Wu’s equation has a
satisfactory estimation on the overall behavior of the connection while underestimates the
shear deformation of the joint.

The damage mechanism of the joint with considerations of the axial force effect is introduced
and then is used in OpenSEES analyses. The model gives satisfactory simulation both on the
overall behavior of the connection and the shear deformation of the joint. Considerations of the
axial force ratio have a significant effect on the joint behavior analyzed.

While conclusions are given based on analyses conducted herein, more validations are needed
to verify the shear deformation mechanism of the joint, especially the a/f type deformation.
Besides, more experiments are needed to establish a reasonable and reliable shear strength-
deformation relation of the joint.
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