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Behavior of Hollow-Core Steel-Concrete-Steel Columns
Subjected to Torsion Loading

Suijith Anumolu®; Omar I. Abdelkarim, S.M.ASCE?; and Mohamed A. ElGawady, Ph.D., M.ASCE®

Abstract: The torsional behavior of hollow-core steel-concrete-steel (HC-SCS) columns is presented using finite-element (FE) and an-
alytical approaches. The HC-SCS columns consist of a concrete shell sandwiched between two steel tubes. Software was used to de-
velop a three-dimensional model of an HC-SCS column that was subjected to torsional loading. The FE results were validated against
the experimental results collected from six HC-SCS columns tested under pure torsion. The average error from the FE analysis was
4.8%, compared with experimental results, when predicting the column’s torsion strength. The study revealed that the interaction
between the steel tube’s stiffness and concrete shell’s thickness controls the behavior of the column. A parametric study was conducted
to further analyze each parameter affecting the column’s torsion behavior. The parametric analysis concluded that the torsional behavior
of the column mainly depends on the outer steel tube’s properties and the thickness of the concrete shell. A simplified equation was
developed to predict the torsion strength of the member using a direct method of stress analysis. The proposed equation predicted the
members’ torsion strength with an accuracy greater than 90%. DOI: 10.1061/(ASCE)BE.1943-5592.0000923. © 2016 American

Society of Civil Engineers.
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Introduction

Researchers have recently focused on developing new cost-effective
design and construction methods for accelerating bridge construc-
tion (ABC), which leads to improved site constructability and work
zone safety as well as a reduction in traffic disruptions and lifecycle
costs (Dawood et al. 2011, 2014; Abdelkarim et al. 2015). One
approach to accelerate the construction of bridge columns and
shafts, while obtaining a higher seismic performance, is to use con-
crete-filled steel tubular (CFST) columns that encase the concrete
core in a steel tube.

The CFST members possess several benefits over reinforced
concrete (RC) or steel members. The steel tube in a CFST column
acts as a stay-in-place formwork that provides longitudinal and
shear reinforcement to the member and continuous confinement to
the concrete core. Furthermore, the concrete core in a CFST column
acts as bracing to the steel tube and provides lateral stability, which
delays steel tube local buckling. Hence, CFST members displayed
superior performance under earthquake ground motions (Bi et al.
2013).

A typical bridge column would sustain 5-10% of its ultimate
axial load capacity due to service axial loads (Mondal and Prakash
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2015a). The design of bridge columns in seismic regions is typically
controlled by the bridge’s lateral stiffness demand. Hence, research-
ers developed a hollow-core CEST system. The system consisted of
an inner and outer steel tube and used concrete to fill the space
between the two tubes (Wei et al. 1995; Lin and Tsai 2001; Zhao et
al. 2002; Tao and Han 2006). The lateral stability provided by the
concrete shell to the steel tube enhances the initial stiffness and
ductility of the column. The main advantage of hollow-core steel-
concrete-steel (HC-SCS) columns is their high strength-to-weight
ratio compared with columns with solid cross sections (Han et al.
2006). A lighter weight is crucial for reducing the freight cost in
precast construction. Furthermore, reducing the column’s weight
will reduce the seismic inertial forces in long columns.

A number of investigators recently studied the behavior of HC-
SCS columns under different types of loading conditions (Zhao et
al. 2010; Elchalakani et al. 2002; Tao et al. 2004; Han et al. 20006;
Lu et al. 2010; Dong and Ho 2012; Hassanein et al. 2013; Li et al.
2014). Most of the studies were limited to axial and flexural load-
ings with different cross sections. These studies depicted that the
confinement was active after the concrete shell cracked and dilated.
In addition, they reported that the buckling of the steel tubes was
significantly delayed because of the lateral support from the con-
crete. They also found that the influence of the concrete shell’s
thickness on the ductility of the column was small.

Bridge columns are subjected to torsional loads in curved and
skewed bridges during earthquakes. Typically, torsion exists in
combination with axial and flexural loads. However, because tor-
sional behavior is complicated, most researchers investigated the
performance of bridge columns under pure torsional loads to better
understand column behavior (Beck and Kiyomiya 2003; Han et al.
2007; Lee et al. 2009; Nie et al. 2012; Huang et al. 2013). Other
researchers investigated the behavior of bridge columns under com-
bined torsional, flexural, and/or axial loads (Belarbi et al. 2008;
Prakash and Belarbi 2009; Mullapudi and Ayoub 2012; Ruili et al.
2014; Mondal and Prakash 2015a, b). Most of these torsional stud-
ies focused on conventional RC columns or CFST columns.
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However, very few studies examined the torsional behavior of HC-
SCS columns. Under pure torsion, the RC columns failed because
of concrete spalling and transverse reinforcement rupturing at the
middle height of the column. However, the confinement of the steel
tubes in HC-SCS columns prevented concrete spalling. The con-
finement of the steel tubes endeavors the torsional load carried by
the concrete shell.

Huang et al. (2013) were the first to experimentally investigate
the pure torsional behavior of HC-SCS columns. The investigation
showed that HC-SCS columns have significant strength, ductility,
and energy absorption. The investigation revealed that the concrete
shell enhanced the column’s ultimate torque by 20%. The research-
ers reported that the concrete shell cracked at 45° to the axis and
maintained its shape. The concrete shell was well bonded with the
outer steel tube and no sliding was observed. They reported that the
outer steel tube’s strength and thickness were important parameters
affecting the torsion behavior.

This study investigated the torsional behavior of HC-SCS col-
umns using three-dimensional (3D) finite-element (FE) analysis.
The FE models were validated with the experimental results of
the six HC-SCS columns that were recently tested by Huang et al.
(2013). The validated FE models were used to analyze and better
understand the behavior of HC-SCS columns under pure torsion.
An extensive parametric study was conducted to investigate im-
portant parameters that affect the torsional behavior of the HC-
SCS columns. The parametric study included wider ranges of di-
ameter-to-thickness ratios of both steel tubes, yield strength of
the outer and inner steel tubes, the cylindrical unconfined
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compressive strength of the concrete (f7), the existence of a con-
crete shell or inner steel tube, the height-to-diameter ratio of the
column, and concrete shell thickness. Furthermore, simple design
equations to calculate the torsion strength of HC-SCS column are
proposed.

FE Modeling

Geometry

A total of six columns, namely CO111, CO112, CO211, CO212,
CO311, and CO312, were tested by Huang et al. (2013). Each col-
umn had a height (H) of 550 mm (21.6 in.) and an outer steel tube
diameter (D) of 165 mm (6.5 in.) (Figs. 1 and 2). The thickness of
the outer steel tube (7,) varied from 3.0to 4.6 mm (0.12 to 0.18 in.).
The inner steel tube’s diameter (d) was either 42 mm (1.7 in.) or 75
mm (2.9 in.) with a thickness (¢;) that varied from 3.0to 5.0 mm
(0.12 to 0.20 in.). Hence, the concrete shell thickness ranged from
40.4to 58.5 mm (1.60 to 2.30 in.). Two steel plates with dimensions
of 235 x 235 x 25 mm (9.25 x 9.25 x 0.98 in.) were attached to
the column’s top and bottom surfaces. The bottom steel plate of
each column was fixed to the column on one side and to the ground
on the other side. The top plate was connected to the column from
one surface and to a loading plate from the other surface. The load-
ing plate was 94 x 324 x 25 mm (3.7 x 12.76 x 0.98 in.) (Fig. 1).
Hence, the specimens examined in this study were tested as cantile-
ver columns under pure torsion that were fixed to their footings. All

235 x 235 x 25 mm’
(9.2x9.2x0.9 in’)

Outer steel tube

@ = 165mm (6.5 in.)

Inner steel tube

O =21mm - 42 mm
(0.83 in. - 1.65 in.)

235 x 235 x 25 mm’
(9.2x9.2x 0.9 in’)

Fig. 1. (a) FE model of HC-SCS column; (b) cross-section view of HC-SCS column
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of the columns were symmetric around the X- and Y-axes, and the
rotational displacement was applied using the loading plate around
the Z-axis. Table 1 summarizes the columns’ variables.

A sensitivity analysis was performed to identify dimensions of
the elements that would result in a good balance between the accu-
racy of the solution and the solution time. Each column’s concrete
core, steel top and bottom plates, and loading plate were modeled
using 8-node brick solid elements. The concrete element had an av-
erage size of 8.75 x 15x 10 mm (0.3 x 0.6 x 0.4 in.). The ele-
ment’s steel plates and loading plate had an average size of 23.5 x
23.5x 12.5 mm (0.9 x 0.9 x 0.5 in.). Steel tubes were simulated
using 4-node shell elements. A typical element’s outer steel tube
was 21.6 x 10 mm (0.8 x 0.4 in.). The typical element’s inner steel
tube was 7.8 x 10 mm (0.3 x 0.4 in.). Each FE model had 11,072
elements and 13,047 nodes.

To reduce the analysis time, all the solid elements of the column
were modeled with constant stress and one-point quadrature inte-
gration. An hourglass control was used to prevent spurious singular
modes in the elements. The hourglass value for all of the models
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Fig. 2. The FE model components: (a) outer steel tube; (b) concrete
shell; (¢) inner steel tube

Table 1. Summary of Column Variables (Data from Huang et al. 2013)

was considered as the default value of 0.10 (Abdelkarim and
ElGawady 2014b).

Material Models

Concrete

Various material models are available in LS-DYNA to simulate the
concrete material. The Karagozian and Case Concrete Damage
Model Release 3 (K&C model) was used in the current study
because it was successfully used for similar applications and
yielded good predictions of the performance of the investigated
structural elements (Abdelkarim and ElGawady 2014b, 2016; Ryu
et al. 2014; Youssf et al. 2014). The K&C model is a three invariant
model that is built on the theory of plasticity with three shear failure
surfaces: yield, maximum, and residual (Malvar et al. 1997).

The model adopts a shear dilation parameter (w), which deter-
mines the appropriate plastic volumetric strain and, hence, can take
into consideration the confinement effects. The shear dilation pa-
rameter is the fraction associativity defined as the initial ratio of the
plastic volumetric strain increment that would occur if the plastic
flow was fully associated in the hydrostatic plane. A default value
of 0.5 was used in the current study for w. A similar value was used
in the literature for fiber reinforced polymer (FRP) confined con-
crete (Youssf et al. 2014). The concrete cylindrical compressive
strength f was 42MPa (6,090 psi) for all of the columns. In the
K&C model, the yield and failure surfaces’ parameters are auto-
matically generated with the input of f,. The K&C model uses auto-
matic generation capabilities, given /7 and w as well as the equation
of state, shown here as Eq. (1), to calculate the pressure as a function
of current and previous volumetric strain. Once the pressure is
known, the stress tensor can be calculated as being a point of a
moveable surface that can be a yield surface or a failure surface
(Noble et al. 2005; Crawford and Malvar 2006).

E.
K:3u—2m M

where v is Poisson’s ratio; and E.,. is the elastic modulus, taken as
0.2 and 57,000 \/]TC’ (ACI2014) in this study, respectively.

The defined tensile stress-strain relationship in the material
model is linear until the stress reaches the concrete modulus of rup-
ture f;. Beyond the f;, the parameter 7 is used to gradually decrease
the tensile stresses from f; to zero in a smooth fashion while increas-
ing the tensile strain. This is done by checking the equation of state
subroutine.

Steel Tube

An elastoplastic material model 003-plastic_kinematic was used to
describe the steel tube’s stress-strain curve. The main parameters
that were needed to describe this material model are the yield stress
(fy), elastic modulus (E), and Poisson’s ratio (v). For all of the mod-
els in this manuscript, f, varied from 260MPa (37,710psi) to

Outer tube Inner tube

Specimen label D [mm (in.)] t, [mm (in.)] d [mm (in.)] t; [mm (in.)] fyo [MPa (psi)] fyi [MPa (psi)] feu [MPa (psi)]
COl111 165 (6.5) 3.0(0.12) 42 (1.65) 3.0(0.12) 260.0 (37,700) 326.6 (47,357) 50 (7,250)
CO112 3.0(0.12) 75 (2.95) 5.0 (0.20) 260.0 (37,700) 355.4 (51,533)

CO211 4.0 (0.16) 42 (1.65) 3.0(0.12) 286.4 (41,528) 326.6 (47,357)

C0O212 4.0 (0.16) 75 (2.95) 5.0 (0.20) 286.4 (41,528) 355.4 (51,533)

CO311 4.6 (0.18) 42 (1.65) 3.0(0.12) 365.6 (53,012) 326.6 (47,357)

CO312 4.6 (0.18) 75 (2.95) 5.0(0.20) 365.6 (53,012) 355.4 (51,533)
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Table 2. Summary of Experimental, FE, and Analytical Results

T, [KN-m Tre0.01 [KN-m T, [KN-m Error in Tgg 0,01 Errorin 7, 6, experimental 0,FE Error in
Column (k-fo)] (k-fo)] (k-fo)] (%) (%) ) ) 0 (%)
COl111 24.6 (18.1) 26.0 (19.2) 22.8(16.8) 54 7.3 2.7 2.7 0
COl112 33.2(24.5) 34.5(25.4) 28.8(21.2) 3.9 13.2 2.7 32 18
CO211 32.3(23.8) 35.6 (26.3) 29.2(22.9) 10.2 3.7 3.1 3.0 3
Cc0O212 42.1 (31.1) 44.3 (32.7) 37.1(27.4) 52 11.8 34 4.3 26
CO311 48.8 (36.0) 47.5 (35.0) 43.4(32) 2.6 11.0 3.8 3.7 3
C0O312 54.3 (40.0) 53.6 (39.5) 49.3 (36.4) 1.3 9.2 3.5 35 0

“The percentage of the absolute value of the difference between the experimental and the FE/analytical torque capacities divided by the experimental torque

capacity.

365.4 MPa (52,997 psi), E was taken as 200 GPa (29,000, ksi), and
v was taken as 0.3. The steel tube’s ultimate strain was considered
as 0.04 (Abdelkarim and ElGawady 2014a). Once a steel element
ruptured, either in shear or axial tension, it was removed from the
model using the erosion feature in LS-DYNA to ensure the mode of
failure. Under torsion loading, shear forces were exerted on the col-
umn resulting in tensile and compressive principle stresses. Hence,
the erosion parameter was used to capture the rupture of the steel
elements.

Steel Plates and Loading Plate

During the experimental work, no damage was observed in any of
the top, bottom, or loading plates; hence, all three plates were mod-
eled using the linear elastic material model. This material model
was defined using a value of 200 GPa (29,000 ksi) for the steel elas-
tic modulus (£) and 0.3 for the Poisson’s ratio.

Concrete-Steel Interfaces

A surface-to-surface contact element was used to represent the
interface between the steel tubes and concrete shell. This contact
element considers slip and separation between the slave and master
segments. This contact shows any slip/separation that occurs
between the contact surfaces. The concrete shell and steel plates
were contacted by node-to-surface contact. Node-to-surface contact
acts similar to surface-to-surface contact. However, the slave node
is allowed to penetrate on the master segment. A friction coefficient
of 0.6 (Youssf et al. 2015) was assumed between the different ele-
ments that were in contact based on the sensitivity analysis and pre-
vious studies.

The steel tubes were fixed to the top and bottom steel plates during
the experimental work. Hence, tied node-to-surface contact elements
were used to bond the top and bottom steel plates to the column’s top
and bottom surfaces to simulate the full fixation during the experi-
mental work. For the same reason, the loading plate was fully con-
tacted to the top surface of the top steel plate using tied surface-to-
surface contact elements. Because the concrete was enclosed
between two steel tubes, the loss of moisture from the concrete was
presented. The shrinkage effects were minimal and can be neglected.

Loading and Boundary Conditions

The displacement and rotation degrees of freedom were restrained
at the bottom of the steel plate to simulate a fixation similar to what
was used during the experimental work. The top of the loading plate
was directionally restrained in the Z-direction to simulate the
restraint from the hydraulic jacks used during the experiment.
During the experimental work, the torque was applied at two equal
displacements in opposite directions at the ends of the top loading

© ASCE 04016070-4

plate with an arm length of 278 mm (2.3 in.), as shown in Fig. 1.
The torque was applied to the column until the jack reached its max-
imum travel stroke. The experimental work was truncated before
failure of the columns due to the stroke limitation of the hydraulic
jacks. A similar loading procedure was used during the FE.
However, the columns in FE were subjected to the torque until the
columns failed in the form of either steel tube rupture or concrete
shell failure.

Results and Discussions

Huang et al. (2013) defined the torque corresponding to a maximum
shear strain in the outer steel tube of 0.01 (7yqs0.01) as the torsion
strength (Trg, 0.01) of the investigated columns. Beyond that shear
strain, the increase in the torque was quite small and can be ignored
for practical applications (Huang et al. 2013).

In the current FE study, two values of the torque were determined:
the torsion strength obtained using the FE at Y001 (TFE, 0.01) and
the ultimate torsion at failure of the columns (7, ,,). Table 2 sum-
marizes the experimental torsion strength (7,.) reported by Huang
et al. (2013). Table 2 also presents Trg, o0;- Furthermore, Fig. 3
shows the torque versus the twist for all of the columns based on
the experimental and FE results. The twist was calculated at the top
of the column.

As shown in the table and figure the values of 7, and Tgg .01
were in a good agreement with the FE. The FE overpredicted the
strength of four columns and underpredicted the strength of two col-
umns. The error values ranged from 1.3 to 10.2% and were calcu-
lated as the absolute value of the difference between the experimen-
tal and the FE results divided by the experimental results.
Furthermore, the model was able to predict the twist at y 0,01 With
an average error of 10%.

General Behavior of the Columns

As shown in Fig. 3, all the columns behaved very similarly with
elastoplastic behavior. This section details the performance of
Column CO111 and briefly reports the results of the other col-
umns. Before yielding of the outer steel tube, which occurred at a
twist of approximately 1°, the relationship between the torque
and twist displayed slight gradual stiffness degradation and can
be considered approximately linear. The stiffness degradation
occurred when some of the concrete shell elements went beyond
their ultimate tensile capacity leading to gradual stiffness degra-
dation in the models.

The typical shear stress-shear strain relationship of two different
concrete elements at the column’s middle-height cross section in
which failure occurred is shown in Fig. 4(a). The distribution of
Von Mises stresses along the column height and at the middle-
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Fig. 3. Experimental (data from Huang et al. 2013) versus FE backbone curves for specimens: (a) CO111; (b) CO112; (¢c) CO211; (d) CO212; (e)

CO311; (f) CO312

height cross section is also shown in Fig. 4(b). As shown in Fig.
4(b), there is a compressive stress concentration in the form of a spi-
ral along the column height. Perpendicular to these compressive
spirals, there is a limited tensile stress concentration [Fig. 4(b)]. As
shown in Fig. 4, once the outer steel tube yielded, a greater shear
strain demand was imposed on the concrete shell, leading to exces-
sive principle tensile stresses. Beyond a shear strain value of 0.002,
corresponding to a twist of 0.75°, the concrete element reached zero
stiffness, indicating severe damage to the element.
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Column COL111 reached Tgg 01 of 26.0kN-m (19.2 kip-ft) dur-
ing the FE analysis and 24.6 kN-m (18.1 kip-ft) during the experi-
mental work [Fig. 3(a)]. The FE overestimated the strength of the
column by 5.4%. The twist of the column at a shear strain of 0.01 in
the steel was 2.7° for both the experimental work and FE analysis
[Fig. 3(a)].

The experimental work was terminated at s o due to the lim-
itations on the hydraulic jack stroke, but the FE analysis was able to
continue beyond this strain value. Fig. 5 shows the backbone curves
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Fig. 4. (a) Typical shear stress-shear strain relationship of two concrete elements; (b) confined concrete shear stress at the initial shear crack for

Column CO211 in GPa

for this set of columns until failure occurred. As shown in the figure,
beyond 7ys.0.01, the twist at the top of the column increased consid-
erably with a limited increase in the ultimate torsion. The increase
in the ultimate torsion ranged from 17 to 28% compared with the
TrE, 0.01, Whereas the twist increased by approximately 9.0 to 15.0
times the twist at a 0.01 shear strain in the steel. Beyond yo .01, the
FE models showed that the concrete shell displayed significant
cracking and dilation. Generally, the concrete dilation was not sig-
nificant toward the inner direction compared with that toward the
outer direction. The steel tubes from both the inner and outer direc-
tion countered the dilation. Increasing the applied twist caused the
outer steel tube to yield resulting in a loss of confinement in the
outer concrete shell. However, the existence of the inner steel tube
constrained the concrete dilation toward the inner direction and
decreased damage to the inner concrete shell. Fig. 4(a) shows the
increase in the concrete compressive strength beyond y of 0.014.
Table 3 summarizes the shear stress of the outer steel tube at rupture
and the ultimate torsion carried by the FE columns. The shear stress
at failure was considered for the outer steel tube because it failed
first.

Increasing the applied torque beyond the yielding of the outer
steel tube caused significant stiffness softening to occur, leading to
a significant increase in the twist with a minimal increase in the
applied torque. This led to yielding of the inner steel tube at a twist
ranging from 2 to 3°.

Fig. 6 shows a typical relationship between the shear stress ver-
sus the shear strain and the shear stress versus the twist for elements
of the concrete, inner steel tube, and outer steel tube at the point of
failure for column CO111. As shown in the figure, before the outer
steel tube yielded, the outer steel tube’s shear stress was more than
triple that of the inner steel tube’s shear stress indicting that the tor-
sion strength is mainly provided by the outer steel tube.
Furthermore, the inner steel tube’s shear stress increased signifi-
cantly after yielding took place in the outer tube. It should be noted
that the inner steel tube yielded at higher stress compared with the
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outer steel tube because both tubes have slightly different material
characteristics, as show in Table 1 and reported by Huang et al.
(2013). Once yielding occurred, each tube displayed strain harden-
ing until failure. After the rupture of the outer steel tube, the torsion
resistance of the column was reduced by about 70%. No vertical
slip occurred between the concrete shell and steel tubes throughout
the column’s height due to the constraint imposed by the test setup.

Fig. 7 shows the column’s failure mode obtained using the FE
model. All of the six columns failed in a similar manner. The failure
was triggered by a rupture in the outer steel tube in the helical direc-
tion at the middle height of each column. Failure of an element in
LS-DYNA is indicated by removing the element using the erosion
option, as explained earlier in this paper. Rupture occurred in sev-
eral elements at the outer steel tube and resulted in a loss of confine-
ment for the concrete in the outward direction; this resulted in an
increase of concrete shell’s volume in the outward direction, which
caused the failure of the concrete shell. Finally, the inner steel tube
alone carried the applied torque for a small imposed rotation after
the concrete shell failed, leading to the abrupt rupture of the inner
steel tube. The failure of the inner steel tube was abrupt due to the
absence of the concrete shell that provided lateral stability. The
outer steel tube ruptured in the helical direction at 390 mm (15.4
in.) from the column’s bottom. The shear stress of the outer steel
tube of Column COI111 at the failure was 191 MPa (27,702 psi).
The concrete’s maximum shear stress was considered when the ini-
tial small portion of the concrete elements failed prior to failure of
the column. The ultimate torsion (7gg, ,) carried by Column CO111
before the failure was 33.3 kN-m (24.9 kip-ft) with an ultimate twist
of 43.8°.

The torsion strength and twist of the columns at 0.01 shear strain
in the steel during the FE study is summarized in Table 2 and dis-
played in Fig. 3. The ultimate torsion (Trg, ) for the columns during
the FE study is illustrated in Fig. 5. Fig. 8 shows the typical contri-
bution of the steel tubes and concrete shell toward the torsion
moment and the effect of confinement. The FE models showed that
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columns CO112, CO211, CO212, CO311, and CO312 reached an
FE torsion strength (7 ;) of 34.5kN-m (25.5 kip-ft), 35.6kN-m
(26.2 kip-ft), 44.3 kN-m (32.6 kip-ft), 47.5 kN-m (35.1 kip-ft), and
53.6 kN-m (39.50 kip-ft), respectively, compared with experimental
torque values of kN-m (24.5 kip-ft), 32.3kN-m (23.8 kip-ft),
42.1kN-m (31.05 kip-ft), 48.8 kN-m (36.00 kip-ft), and 54.3kN-m
(40.0 kip-ft), respectively. The ultimate torsion (g, ) of the FE
columns (CO112, CO211, CO212, CO311, and CO312) ranged
from 41.7 kN-m (30.8 kip-ft) to 63.9kN-m (47.1 kip-ft). This repre-
sents an increase ranging from 15 to 20% over the corresponding
To.01- The ultimate twists of the columns ranged from 38 to 47°, as
shown in Fig. 5.

Parametric Study Analysis

A parametric study examined the influence of the main parameters
of the column including the concrete’s strength (f7), the outer steel
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tube’s strength (f,,), the inner steel tube’s strength (f},), the outer
steel tube’s diameter-to-thickness ratio (D/t,), the concrete shell’s
thickness (z.), the inner steel tube’s diameter-to-thickness ratio (d/
t;), and the aspect ratio (H/D) on the torsional performance of HC-
SCS columns.

Column CO112 was used as the reference column for this study
with both steel tubes chosen to have identical yield strengths. Table
4 summarizes the parametric study variables and results. The modes
of failure of the investigated columns were similar to those
described before. Fig. 9 illustrates the torque-twist relationship of
all the columns investigated in the parametric study. Fig. 10 illus-
trates the percentage change in the ultimate torsion of the HC-SCS
column with respect to the change in parameters.

Yield Strength of Outer Steel Tube (f,,)

The outer steel tube’s yield strength ranged from 310 to
586 MPa, and the ultimate strain was maintained at a constant
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Table 3. Out Steel Tube Shear Stress and the Ultimate Torsion Moment
at Failure

Failure shear stress at out Ultimate torsion moment

Column steel tube [MPa (psi)] [KN-m (kip-ft)]
COl111 191 (27,702) 33.3(24.5)
COl112 190 (27,557) 41.7 (30.7)
CO211 202 (29,297) 44.3 (32.6)
CO212 205 (29,732) 51.9(38.2)
CO311 249 (36,114) 56.5 (41.6)
CO312 248 (35,969) 64.4 (47.5)

-

—|

M=

INNANN

L

(a) (b) ©

Fig. 7. Typical mode of failure of FE columns: (a) outer steel tube; (b)
concrete shell; (c) inner steel tube

rate for all columns. Expectedly, the column’s ultimate torsion
increased linearly [Fig. 10(a)] as the outer steel tube’s yield
strength increased, because failures of these columns were trig-
gered by the rupture of the outer steel tube [Fig. 9(a)]. The ulti-
mate torsion increased by 45% when the yield strength of the
outer steel tube increased by 86%. However, the ultimate twist
of the column decreased by 13%.

Expectedly, the yield strength of the outer steel tube affects
the behavior of the inner steel tube. As the yield strength of the
outer steel tube increased, the contribution of the inner steel
tube to the torsional resistance before the yielding of the outer
tube decreased. However, the overall shear stress imposed on
the inner steel tube before the failure of the column remained
equal for different strengths of the outer steel tube. Gradual
softening occurred in the columns’ stiffness once the outer
steel tubes yielded; this was followed by significant stiffness
softening caused by yielding of the inner tubes. Increasing the
outer steel tube’s yield strength increased the columns’ torque
loads corresponding to yielding of the inner steel tubes,
because yielding of these tubes occurred at approximately the
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Table 4. Summary of Parametric and Analytical Results

FE, Trg Analytical, T,
Parameter Parametric value KN-m k-ft KN-m k-ft
fro 310 MPa (45 ksi) 38.7 28.5 32.9 24.3
380 MPa (55 ksi) 444 32.5 38.0 28.0
448 MPa (65ksi) 47.2 34.8 422 31.1
586 MPa (85 ksi) 53.7 39.6 53.0 39.1
Syi 310 MPa (45 ksi) 424 31.2 36.4 26.8
380 MPa (55 ksi) 444 32.7 38.0 28.0
448 MPa (65ksi) 44.6 32.9 39.2 28.9
586 MPa (85 ksi) 44.7 329 42.1 31.1
1l 10 MPa (1.5 ksi) 39.6 29.2 37.4 27.6
40 MPa (5.8 ksi) 44.4 32.7 38.0 28.0
70 MPa (10.2 ksi) 44.5 32.8 38.5 28.4
100 MPa (14.5 ksi) 44.7 32.9 39.0 28.7
t. 15 mm (0.6 in.) 61.3 45.2 58.9 434
30 mm (1.2 in.) 49.7 36.6 48.3 35.6
45 mm (1.8 in.) 444 32.7 38.0 28.0
100 mm (2.9 in.) 35.3 26.0 35.0 25.8
Dit, 15 107.0 79.0 111.5 82.3
60 34.6 25.5 33.0 24.3
120 26.4 19.5 22.9 16.9
200 18.3 13.5 17.9 13.2
250 16.9 12.5 16.3 12.1
dit; 15 44.4 32.7 38.0 28.0
60 36.3 26.7 322 23.7
120 35.0 25.8 31.1 22.9
200 34.3 25.3 30.6 22.6
250 33.9 25.0 30.5 22.5

same twist angle regardless of the outer steel tube’s yield
strength.

Yield Strength and Role of Inner Steel Tube (f,;)

The inner steel tube’s strength was varied between 310 and
586 MPa, and the ultimate strain was maintained at a constant rate
for all columns [Fig. 9(b)]. The inner steel tube’s yield strength had
little effect on the column’s ultimate torsion. The column’s ultimate
torsion increased linearly by 16.5% when the inner steel tube’s
strength increased by 86% [Fig. 10(b)]. The removal of the inner
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steel tube resulted in a 13% decrease in the column’s ultimate tor-
sion [Fig. 9(b)]. This decrease indicated that the inner steel tube’s
existence had a moderate effect on the column’s torsional behavior.
With the increase in the inner steel tube’s strength, the ultimate twist
was increased by 3.5%. Before yielding of the outer tube, the stress
concentration on the outer steel tube was the same for all the col-
umns. Beyond yielding of the outer tube, the column with the higher
yield strength for the inner steel tube (i.e., 586 MPa) displayed a
higher stiffness. After the outer steel tube yielded, most of the tor-
sional load was carried by the inner steel tube. The stress concentra-
tion on the concrete shell was almost the same for all the columns.
This resulted in no change in the behavior of the concrete shell with
respect to the change in the inner steel tube’s strength.

Compressive Strength (f.) and Role of Concrete

The concrete strength was varied between 10 and 100 MPa.
Although the 10-MPa concrete may not be qualified as a candidate
for structural applications in many codes and standards, it was used
in this parametric study to investigate a wider range of parameters.

The ultimate torsion increased by 18% and the corresponding
ultimate twist increased by 4% when the concrete strength increased
by 90%. The torque-twist backbone curves are illustrated in Fig.
9(c). The backbone curves revealed that the concrete strength had
less of an impact on the ultimate torsion compared with the ultimate
twist. The outer steel tubes in all the columns yielded at the same
twist angle, confirming the individual behavior of the steel tubes
and concrete shell before yielding of the outer steel tube.

Before the outer steel tube yielded, there was a significant
increase in the stiffness of the column with the increase in concrete
strength. It was observed that the increase in ultimate torsion was
caused by the initial stiffness of the concrete shell and the lateral sta-
bility provided by the concrete shell to the steel tubes. The concrete
shell was removed in an additional column to observe the behavior
of the column and the contribution of concrete shell in the capacity
of the column [Fig. 9(c)]. The column’s ultimate torsion decreased
by 35% (with respect to f. = 40 MPa) without the presence of the
concrete shell. This reduction in ultimate torsion occurred because
the outer and inner steel tubes were not braced laterally, which was
the concrete’s effect. Therefore, the failure was warping in the outer
steel tube with wall buckling, as shown in Fig. 11. Because the con-
crete was brittle in nature, the increase in its strength increased the
brittle character of the column, as observed in the form of low twist
with the increase in concrete strength.

D/t, of Outer Steel Tube

The D/t, of the outer steel tube was varied between 15 and 250 to
study the stiffness and buckling behavior of the outer steel tube. The
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change in the D/t, was achieved by changing the thickness of the
outer steel tube from 0.66 mm (0.03 in.) to 11 mm (0.43 in.). As
shown in Fig. 9(d), the outer steel tube’s D/z, was one of the most in-
fluential parameters. The column’s ultimate torsion decreased 5.7
times and its ultimate twist increased 1.32 times when the outer steel
tube’s D/t, increased from 15 to 250 [Fig. 9(d)]. The effects of the
change in the stiffness of the outer steel tube due to changing the D/t,
ratio were more prominent before yielding of the outer steel tube, as
observed in the torque versus twist curve [Fig. 9(d)]. As explained
earlier, strain hardening occurred in the outer steel tube after yielding,
and most of the torsional load was carried by the inner steel tube.
Hence, the effect of changing D/t, after the yielding of the outer tube
diminished. It is worth noting that the AISC Manual defines the criti-
cal local buckling of the empty steel tube at a diameter-to-thickness
value of 0.07(E/f;). This critical local buckling D/z, for the investi-
gated column was calculated as 36.8. The FE analyses showed no
local buckling in the steel tubes even at a D/t, value of 250, because
of the lateral stability provided to the steel tube by the concrete shell.

The shear stress capacity of the concrete shell at the failure of
the outer steel tube was decreased for the higher D/, ratio. This was
caused by the concrete shell’s decrease in confinement, which was
provided by the outer steel tube. However, because the concrete
shell’s contribution to the ultimate torsion of the columns is rela-
tively limited, this change in the confinement effect did not signifi-
cantly change the strength of the columns. As mentioned previ-
ously, local buckling was not observed in any case. Hence, the
shear stress carried by the inner and outer steel tubes at failure
remained constant for different D/z, ratios.

d/t; of Inner Steel Tube

The d/t; of the inner steel tube was varied between 15 and 250 to
study the stiffness and buckling behavior of the inner steel tube. The
d/t; was changed by changing the thickness of the inner steel tube
from 0.3 mm (0.01 in.) to 5 mm (0.2 in.). The inner steel tube d/;
had little influence on the column’s ultimate torsion. The column’s
ultimate torsion decreased by 20% and its ultimate twist decreased
by 7% when the d/t; of the inner steel tube increased 15.6 times [Fig.
9(e)]. Based on the above parametric study, the geometric term asso-
ciated with the ultimate torsion is section modulus. For small diame-
ters of the inner steel tube, with respect to the diameter of outer steel
tube, the section modulus of the inner steel tube was not varied
much with the altered d/t; ratio. It resulted in a small change in the
column’s ultimate torsion for smaller diameters of the inner steel
tube. As expected, the stiffness of the column was decreased with
the increase in the inner steel tube’s d/t; ratio. The behaviors of the
outer steel tube and the concrete shell were not altered with the inner
steel tube’s d/t; ratio. The ultimate twist of the column was not sig-
nificantly influenced, because the behavior of the column was
mainly associated with the outer steel tube. The ultimate twist
decreased with the increase in the inner steel tube’s d/t; ratio. The
local buckling of the inner steel tube advanced with the increase
in the d/t; of the inner steel tube and inhibited the rotation of the
column. However, the local buckling of the inner steel tube did
not significantly affect the overall torsion behavior of the column.

Concrete Shell Thickness (T,)

The concrete shell thickness had a major effect on the ultimate tor-
sion of the column. The concrete shell thickness was varied from 15
mm (0.6 in.) to 60 mm (2.4 in.), representing 9.1 to 36.4% of the
column’s outer diameter. A constant diameter-to-thickness ratio of
the inner steel tube was maintained by varying the thickness of the
inner steel tube with the change in the concrete shell’s thickness.
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Although the lower end in the investigated parameter may not
reflect a practical application, it was used to obtain a thorough
understanding of the effects of the concrete shell on the perform-
ance of HC-SCS columns.

As shown in Fig. 9(f), the column’s ultimate torsion and ultimate
twist decreased by 56 and 12%, respectively, with the increase in
the concrete shell’s thickness from 15 mm (0.6 in.) to 60 mm (2.4
in.). It should be noted that this decrease in strength is directly
related to the reduction in the inner steel diameter and thickness,
which companied the increase in the concrete shell thickness. For
example, for a column with a concrete wall thickness of 15 mm (0.6
in.), both the inner and outer steel tubes reached yielding at almost
the same torsional angle. For a column with a concrete wall thick-
ness of 60 mm (2.4 in.), the inner steel tube reached to approxi-
mately half of the yield strength when the outer steel tube reached
its yield strength. This indicated that the increase in the concrete
shell’s thickness reduced the demand on the inner steel tube.
Furthermore, for a smaller concrete shell thickness [i.e., 15 mm
(0.125 in.)], both steel tubes failed at the same twist. For a larger
concrete shell thickness [i.e., 60 mm (2.4 in.)], the outer steel tube
failed first and was followed by the rupture of the inner steel tube.

Aspect Ratio of Column (H/D)

The H/D ratio has very little influence on the column’s ultimate tor-
sion but has much influence on the ultimate twist. The H/D ratio
was varied between 2.1 and 5.7. The column’s ultimate torsion
increased by 10%, and its ultimate twist increased by 210% when
the column’s aspect ratio increased by 170% [Fig. 9(g)]. Fig. 9(g)
shows that the ultimate torsion of the columns remained approxi-
mately constant for different H/D ratios, because the ultimate tor-
sion depends mainly on the material and cross-sectional characteris-
tics of the columns. However, after yielding of the outer tubes, the
column with the higher H/D ratio displayed significant stiffness
softening, resulting in a significant increase in the ultimate twist at
failure [Fig. 9(g)]. The column’s mode of failure was outer steel
tube rupture, as in previous parameters. The increase in the aspect
ratio resulted in slenderness of the column, and it became less sus-
ceptible toward the applied torsional load.

Analytical Model

In this section, a simple analytical model to calculate the torsion
strength of HC-SCS columns is developed and presented. The
results of the parametric study (Fig. 9) showed that the inner and
outer steel tubes of all specimens reached the yield strain at very
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close twist angles. Moreover, the concrete shell also reached its
unconfined compressive strength at twist angles close to those of the
yielding steel tubes. Hence, the analytical torque capacity (7},) of the
HC-SCS columns can be calculated as the sum of three components:
the capacity of the outer steel tube (7,s), the concrete shell (7,), and
the inner steel tube (7is) as per Eq. (2).The error mainly resulted
from the fact that the proposed model ignores the steel-hardening
rule in calculating the torsion strength. The change in the diameter-
to-thickness ratio and the yield strength of the inner steel tube does
not endeavor the column’s torsion strength significantly. Therefore,
confinement to the concrete shell was considered only from the outer
steel tube and was neglected from the inner steel tube.

Ta = Tos + Tc + Tis (2)

The torsion strength of the concrete shell was calculated by
selecting a segment with an area (dA) located at a radial distance of
a on the top surface of the concrete shell (Fig. 12). The inner and
outer radii of the concrete shell are, respectively, represented as r,
and R. The height of the column is H.

The applied torque resulted in a twist of § and shear strain of y.

The rotated arc length dl = ax6 = Hxvy 3)
0
from Eq. (3), y= ax “4)
H
Hooke’s law states 7 = G * y (®)]
G 0
From the Eq. (5), Eq. (4) transforms to 7, = % (6)

The shear modulus is G, and 7, is the shear stress of the elemen-
tary concrete segment.

Eq. (6) shows that the shear stress has a linear relationship with
the radius of the column (Fig. 12).

The elementary shear force (dF) over the segmental area (dA)
was calculated as

dF = 7,dA 7

The torsion strength of the concrete shell (7,.) was obtained by
integrating the elementary shear force (dF) multiplied by the le-
ver arm (a) over the entire cross-sectional area (A) of the concrete
shell
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The application of a similar triangle rule for Fig. 12(c) was based
onEq. 6

% = Tx/Tmax (9)

Upon substituting Eq. 6 into Eq. 5 and over integration

Tmax
T =—Jp (10)
where R
TT(R* — #4)
Jpo =—F7— (11)

From the ACI (2014), the cracking shear strength (7, ) of the
concrete

Tmax = 4\/ C/C (12)

The steel tubes provide confinement to the concrete shell,
enhancing the compressive strength, known as confined compres-
sive strength of concrete (f/.), which can be calculated following,
the procedure developed by Lee et al. (2009).

Similarly, the torsion strengths of the outer (7,s) and inner (7})
steel tubes can be calculated as follows:

o

Tos = TyoRi(} (13)
i
T = TyiRli (14)

where 7,, J,,, and R are the shear stress, polar moment of inertia, and
diameter of the steel tubes, respectively. The subscript O is used for
the outer tube, and i is used for the inner tube. The shear stress can
be calculated as f,/ /3 (Tabor 2000).

The torque applied at the yield of the outer steel tube resulted in
a twist (0y), where 6, can be calculated using Eq. (15) based on Eq.
(6). The shear strain at the yield of the outer steel tube was consid-
ered as v,

vy * H
R

0, = (15)

The results of the analytical model were compared with those
from the experimental work in Table 2 and Fig. 3. As shown in the
figure and table, the analytical model had an average error of 9.4%
in predicting the column’s torsion strength. The twist of the col-
umns at y, was between 0.63 and 1.08°. The average error in pre-
dicting the twist of the column at 7y, with the FE results was 12%.
The parametric results of FE and the analytical model are good in
agreement (Table 4).

Summary and Conclusions
The LS-DYNA software was used to conduct a FE analysis of HC-
SCS columns. The HC-SCS columns consisted of a concrete wall

that was sandwiched between steel tubes. The FE analysis results
were validated against experimental results available in the
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literature. The proposed model was able to predict the behavior of
HC-SCS columns under pure torsion. The K&C model, with auto-
matically generated parameters, produced good results for concrete
modeling, including the modeling of high-strength concrete. A
parametric analysis was conducted by assuming the parameters and
observing their influence on the 7-0 curves. Six parameters influ-
enced the column’s ultimate torsion. The outer steel tube’s D/t, ra-
tio was the governing parameter that controlled the column’s ulti-
mate torsion followed by concrete shell thickness and then the
strength of the outer steel tube. The aspect ratio (H/D) of the column
and inner steel tube’s strength had little influence on the column’s
ultimate torsion. All of the six columns had similar failure sequen-
ces. The only change in failure was the change along the height of
the column. The simplified analytical model that was developed
based on the parametric study was in good agreement with the ex-
perimental results.
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Notation

The following symbols are used in this paper:
D = outer diameter of inner steel tube;
d = outer diameter of outer steel tube;
[ = characteristic 28-day concrete cube strength;
fyi= yield strength of inner steel tube;
fyo = yield strength of outer steel tube;
f! = unconfined compressive strength of concrete;
H = height of the column;
Jp = polar moment of inertia of concrete;
Jp,;= polar moment of inertia of inner steel tube;
Jp,o = polar moment of inertia of outer steel tube;
T, = torsion strength predicted by simplified analytical
model;
Ty, , = ultimate torsion at failure of FE column;
TrE, 0.01 = torsion strength predicted by FEA model;
T... = experimental torsion strength;
t; = thickness of inner steel tube;
t, = thickness of outer steel tube;
0, = twist at yield of outer steel tube;
7. = shear stress of concrete;
7,; = shear stress of inner steel tube; and
Ty, = shear stress of outer steel tube.
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