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Abstract

The composite steel reinforced concrete (SRC) columns with the form of partial or full encasement of the steel section in the
reinforced concrete (RC) have attracted pervasive attention due to their advantages compared to the conventional RC columns.
This paper aims to summarize the representative publications regarding the SRC columns. Firstly, the analytical studies of
the SRC columns, including comparative studies between available codes to address the philosophy of design and the limits
in the available codes of design, bond slip behavior, analytical confinement material models, and finite element analysis, are
addressed. In addition, the discussion and summary of the axial behavior of the SRC columns and the important parameters
affecting the axial behavior of these types of columns were included. It also attempts to cover the parameters affecting the
seismic behavior of the SRC columns. Important progress has been made by the previous studies in the SRC columns under
the axial load and the combination of axial and seismic loads, but they fundamentally focused on the columns with the simple
arrangement of steel section, and a few attention was paid to the new type of SRC columns with rotated cross-shaped steel
section whose webs coincide with the diagonal lines of the columns’ section. Due to the lack of study and the brittle failure
of the columns with lightweight and high strength concrete, more studies should still be made to know the behavior of the
SRC columns. The paper concludes with suggestions for the future studies to enhance the effectiveness of the SRC columns.

Keywords Steel reinforced concrete (SRC) column - Lightweight concrete (LWC) - Confinement effect - Design method -
Axial behavior - Seismic behavior

1 Introduction

The steel reinforced concrete (SRC) column (it is also called
concrete encased steel (CES) column) consists of steel sec-
tion partially or fully encased in reinforced concrete (Fig. 1).
The presence of concrete improves the behavior of the
structural steel sections by making them more effective and
impervious to both overall and local buckling. The column
has longitudinal bars, which have to be tied by the lateral
horizontal stirrups at regular vertical spaces. The lateral stir-
rups bars are effective in improving the column capacity,
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confinement, and ductility. Furthermore, they restrain the
longitudinal reinforcement bars from being moved during
construction and resist bars buckling during the loading,
which would cause spalling of the concrete cover even at
small load levels, especially in the case of seismic or eccen-
trically loaded columns.

Due to the composite actions between steel and rein-
forced concrete at this type of columns, the advantages of
the applied materials may be used and their disadvantages
may be averted, thus forming more reasonable structural
members. Many benefits can be found from the SRC col-
umns. The main advantages gained from using the SRC
columns are as follows: significant saving in material and
construction time; increasing the ductility, energy dissipa-
tion capacity, stiffness, and strength to dead weight ratio of
the members; increasing the confined concrete zones by the
steel section; providing enough rigidity, usable floor regions
and economical cost for high-rise buildings; enhancing the
fire resistance due to the concrete isolation and protection for
the steel section; decreasing the cross-section of the columns
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Fig. 1 The cross-section of composite SRC columns (Davison and Owens 2011). a Fully encased SRC column with H-shaped steel. b Partially
encased SRC column with H-shaped steel. ¢ Partially encased SRC column with cross-shaped steel

compared to the RC columns; reducing the costs by using of
high strength materials that reduce the cross-section areas;
preventing the local buckling of steel by concrete, except
for early stages of construction, where the concrete works
as lateral support to the embedded steel element section;
and providing a simple connection between steel beams and
columns, and without extra effort to harden the column in
the area of connection. Finally, the SRC columns can be
useful in resisting the lateral loads.

However, the SRC columns have their disadvantages,
such as: difficulties in casting the concrete in some cases due
to large amounts of steel and small clear space between the
steel; difficulties to repair the failed columns, as appeared
in the failure pattern of the seismic loading tests conducted
by Wang et al. (2016a) where the crushing of the concrete
happen at the ends of the column followed by steel buckling,
especially for columns with the high axial load; formwork
is needed for constructing and casting the SRC column, but
in the concrete filled steel tube (CFST) composite column,
the steel tubes confine the concrete as a form and shoring
system in construction for casting concrete; and shortages
in the confinement of concrete by this kind of column than
the achieved by CFST column.

Several studies have been completed on the composite
members in the past years especially on SRC columns with
cross-shaped steel section, which was usually made by weld-
ing two I- or H-shaped steel sections together. They studied
the effects of confinement, concrete strength and other fac-
tors on the behavior of the SRC column. Some codes’ limi-
tations and design methods were presented by (Viest et al.
1997, Jacobs and Goverdhan 2011; Soliman et al. 2013; El-
Tawil and Deierlein 1999). The axial behavior of the SRC
column elements was studied experimentally and analyti-
cally by Liang et al. (2014), Karimi et al. (2012), Morino
et al. (1985), Soliman et al. (2013), Lelkes and Gramblicka
(2013), Weng et al. (2006) and by Chen and Wu (2017),
Liang et al. (2014), de Sousa and Caldas (2005), El-Tawil
and Deierlein (1999), Ellobody and Young (2011), Ellobody
et al. (2011), Abdulhaq and Badaruzzaman (2011), Perea and
Leon (2011), Lelkes and Gramblicka (2013), respectively.
In addition, the lateral seismic performance of the new and
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special types of composite SRC element sections has been
studied by Fukuhara and Minami (2008), Wang et al. (2015,
20164, b), Chen et al. (2015), Fang et al. (2015), Jiang et al.
(2017), Weng et al. (2008a), Nishimura et al. (2004), Fauzan
and Kuramoto (2011); as well as, the lateral seismic perfor-
mance of the SRC elements with ordinary type sections has
been studied by many scholars (Kitano et al. 2008; Kura-
moto 2011; Naito et al. 2010; Zheng et al. 2012; Denavit
2013; Lu et al. 2014; Chen et al. 2014a, 2005; Chou and
Uang 2007; Yan and Jia 2010; Ma et al. 2011, 2013; Zhang
et al. 2012; Fei et al. 2006; Xiang and Wang 2016; Yan et al.
2017; Xu et al. 2016). The performance of the SRC elements
after the fire was studied by Wang and Zhang (2017), Wang
et al. (2017a), Zhang et al. (2014). Also, the effect of shear
connectors welded to the steel section on the bond behavior
of the SRC element has been investigated by Nguyen and
Kim (2009), Kim et al. (2011), Zhang et al. (2014). Their
outcomes demonstrated that the ordinary SRC columns with
I or H-shaped steel section were predominantly used in the
building practice.

This paper presents the experimental and analytical stud-
ies about SRC columns, including the advantages and dis-
advantages of the SRC columns, the new types of SRC col-
umns, the analytical studies, the axial behavior of the SRC
columns, the effect of different parameters on the seismic
behavior of the SRC column, and the suggestions for the
future studies.

2 New Types of SRC Columns

Several new and special types of the SRC columns with dif-
ferent arrangements of structural steel sections have been pro-
posed to investigate the parameters that affect the behavior
and performance of these types of the columns. The previous
studies have investigated the role of various parameters affect-
ing the behavior of the new types of SRC columns, including
(1) type and shape of steel section, (2) steel section ratio, (3)
materials strength, (4) axial load ratio, which is the ratio of
the applied axial vertical concentric compression load (N) to
the ultimate axial compression capacity of the column (N,),
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(5) confinement effect of the concrete, and (6) fire resistance
(Fukuhara and Minami 2008; Weng et al. 2008a; Fauzan and
Kuramoto 2011; Chen et al. 2014a, 2015, 2018; Fang et al.
2015; Wang et al. 2015, 2016a, b; Xiang and Wang 2016;
Jiang et al. 2017; Yang and Li 2012; Yang et al. 2018; Zhu
et al. 2016; Nishimura et al. 2004; Fauzan et al. 2005; Minh
2017; Liang et al. 2014). The main finding is that the using of
cross-shaped with two I steel section (+) instead of one I steel
shape and using new kind of SRC columns instead of ordinary
SRC columns could accomplish better seismic behavior.

Two improved cross-shaped SRC columns with normal
weight concrete (NWC) confined by spiral stirrups embed-
ded with new type section steel were developed by Wang
et al. (2016a). Their results indicated that the behavior of
the SRC columns has been obviously improved with new-
type steel section. Fukuhara and Minami (2008) tested a
new type of cross-shaped steel columns. They found that
the concrete adhesion power is improved but the ultimate
strength of specimens with the holes in the steel webs is
decreased. However, the maximum strength and horizontal
displacement (deformation angle) of specimens with cross-
shaped steel section type were enhanced.

The cyclic behavior of joints between the SRC beams and
the new type of SRC columns (Fig. 2) was experimentally

Fig.2 Two new kinds of con-
nection between SRC beams
and the new type of SRC
columns (Wang et al. 2015).

a Connection type-1. b Connec-
tion type-2

investigated by Wang et al. (2015). From the results, they
noted that the new-kind of joints exhibit shear failure. The
deformation ability and energy dissipation capacity of the
new-kind of SRC joints were better than the joints of ordi-
nary SRC columns. The manufacturing of the specimen at
Fig. 2a was easier to be cut and machined than Fig. 2b. In
addition, Hsu et al. (2009) studied the effect of values of the
bi-axial bending and the steel strength ratios on the SRC
columns (Fig. 3). Their test results demonstrated that when
the strength of steel section proportions in the weak-axis
increased, the strength deterioration rates of the specimen
increased. The ratio between the strong and weak axes steel
strength was suggested to be 2.2 to improve the specimen’s
performance under the earthquakes.

The seismic resistance of steel reinforced high strength
concrete (SRHC) column is affected by the structural steel
form (Yang and Li 2012). The structural steel sections
(Fig. 4) enhanced the positive impact of the stirrups and had
more obvious benefit by increasing the effective confinement
when the SRHC column exposed to a huge axial load ratio
(Zhu et al. 2016). As shown in Fig. 5, the seismic behavior
of the SRC cross-shaped columns was studied by Fang et al.
(2015). They found that the ultimate horizontal load and
the lateral displacement ductility increased seriously with

Fig.3 Specimen details (Hsu
et al. 2009). a Cross-section
and load directions. b 3-Dimen-
sional sketch
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" Strong-axis
bending

@ Springer



1972

International Journal of Steel Structures (2019) 19(6):1969-1987

Lateral Load

>

4
/

T[T
NewrvA| | [NV

4

N

]
Ne /4
Section (1-1
Fig.4 The details of the SRHC column specimens (Zhu et al. 2016)
Fig.5 Cross-sections of the
column specimens (Fang et al.
2015). a Specimen with loading
angle equals to 0°. b Specimen Load angle Load angle
with loading angle equals to 45° I I - —
B I
(@) (b)

increasing the amount of steel ratio, but the stiffness retrac-
tion was marginal. The ultimate lateral load at the case of
the loading angle equals to 0° was smaller than that of at
the loading angle equals to 45°, but the lateral displacement
ductility at the loading angle equal to 0° was larger than
that at the loading angle equal to 45°. This type of columns
exhibits well energy dispersion and ductility deformation
capacities. The cross-shaped SRC columns showed better
seismic performance and greater lateral bearing capacity
than the cross-shaped RC columns. Jiang et al. (2017) found
that the steel ratio and the axial load ratio have huge impacts
on the seismic behavior of mega SRC columns, but the effect
of the steel cross-section shape was not significant.

3 The Analytical Studies
3.1 The Design Codes
The design and analysis of steel-concrete composite sec-

tions have been progressed for over four decades. The codes
of practice contain various methods for the design of these
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columns. These methods are extrapolated from either steel
column or reinforced concrete column design codes. The
differences between prescriptions of these codes indicate
that further studies research must be undertaken to gain an
understanding of the structural behavior of these kinds of
elements.

The capacity of a composite column is calculated as the
summation of the strengths of all the components, reinforced
concrete, and steel. The differences in the codes lie in the
variety in the philosophy of the design; for example, the
compatibility and strain distribution. This contradiction is
regarding the differences in safety factors, the material prop-
erties, and limiting dimensions. The resistance factors and
factors of safety in the available codes are equal to unity.
This may compare fairly the capacities calculated by these
methods (El-Tawil and Deierlein 1999; Shanmugam and
Lakshmi 2001; Weng and Yen 2002).

Table 1 shows the important descriptions and ranges in
some available codes. In order to visualize the differences
between these codes, a typical SRC column specimen (DH-
T1-75) tested by Liang et al. (2014) is selected to calcu-
late its capacity using each design code provision, and the
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Table 2 Comparison of the

. Specimen Test (Liang ACI-318-05 BS.5400-5 EC4
capacities calculated by the etal. 2014)
three available design codes )
Pt (KN) PACI (KN) Pt/P ACI PBS (KN) Pt/ l)BS PEC4(KN) Pt/P EC4
DH-T1-75 18,188.00 15,377.42  1.183 13,829.93  1.315 18,091.08  1.005
(Liang et al. 2014)
125mm is the maximum design value of the moment resistance in
E._" the presence of an axial force; Ny, g, is the plastic axial com-
57.5mml[} c pressive force resistance; Npm’ rq 18 the design value of the
stirrups with 13 mm diameter] [’ £ concrete portion resistance to the axial load; f,, is the design
with 75mm spacings . . .
S compressive strength of concrete; f;, and f,, are the design
Cover =30 mm ‘I‘:’ value of the yield strength for the reinforcing steel bars and
2H(350%175*%6*9) " e} structural steel section, respectively; and A, is the position
of the neutral axis.

12 long. bars with 29 mm -

diameter I¢

b =600 mm »

Fig.6 The details of the specimen DH-T1-75 (Liang et al. (2014)

calculated capacities are compared with the test capacity, as
shown in Table 2. Figure 6 shows the details of the specimen
DH-T1-75, and more details about the material properties of
the specimen are available in Liang et al. (2014). From the
calculation results, it can be found that all the three codes are
on the conservative side, the BS.5400-5 gives the smallest
capacity, and the EC4 gives the largest capacity.

Figure 7 shows the interactions diagram (ID) and stress
distributions of the SRC section. Where, b and h are the
width and the height of the SRC column, respectively; M,,; g,
is the plastic moment resistance of the SRC section; M,,,,, g,

« by 2 S éd(-) g
- j Npl,Rd ~§

L) =0 =
0.85] ca ﬁd f;d §"

S =) 8

o)

PR ) p
 0.85fa [ fu
z S| ()
(+)=} M[II.Rd
fea

= () ANosumi

~—2

M max,Rd

Ml,kd

Mu, Rd

1/ 2 Mn.Rd

3.2 The Bond Slip Behavior

The bond behavior between concrete and steel is an impor-
tant issue in composite SRC members because of ensuring
the interaction and cohesion of various components under
different working conditions and implications, it has impacts
on serviceability limit states, energy dissipation under cyclic
loads, local stress distributions, and ultimate limit states
design (LSD), etc. Connection enhancements in the form of
embossments, ribs, and shear studs are used in composite
slabs and beams, while such devices are not always added
in composite columns.

Many scholars studied experimentally and analytically the
bond slip behavior of SRC members in case of fire exposure
or normal condition without fire effects (Zhang et al. 2014;

Y

MI’"R’I Mﬂa.\‘.Rll
Bending Moment, (M)

Fig. 7 Stress distributions for the SRC section and simplified interaction diagram (ID) (Eurocode4 2004)
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Wang et al. 2017a; Ngo and Scordelis 1967; Spacone and
El-Tawil 2004; Houde and Mirza 1974; Nguyen and Kim
2009; Wang and Zhong 1990; Kwak and Kim 2001; Khalfal-
lah and Ouchenane 2007; Shafaei et al. 2009; Zheng et al.
2016). They found that the bond slip behavior is affected by
several factors. The most significant and serious factor is the
fire exposure where the bond cohesion becomes weak and
the slip greatly increases. The simple model for simulating
of bond considering different elements for the concrete and
steel components is the concentrated springs. The springs
could model either the action of the shear connectors or the
friction effects between concrete and steel. The spring mod-
els are shown in Fig. 8. To take into account the bond slip
of the reinforcing steel, different approaches are common in
the finite element analysis. Ngo and Scordelis (1967) pro-
posed an approach to utilize the bond-link element. This
element links a node of the steel with a node of the adjacent
concrete. As shown in Fig. 8c, the bond link spring element
has no dimensions, and the two linked nodes (the linked
nodes of concrete and steel) have the same coordinates. For
each spring an appropriate stiffness and stress—strain relation
should be defined.

To take the impact of slip into account, 3 spring elements
were used to model the bond-slip behavior between con-
crete and steel reinforcement, which simulate the contacting
behavior in the global 3 directions (Fig. 8b). For concrete
and reinforcement, the transverse tangential and normal
springs were used to represent the grip cohesion power, and
the bond slip was represented by longitudinal spring. The
bond stress between reinforcement and concrete was calcu-
lated according to Eq. (1) (Houde and Mirza 1974).

T=53%10%S —2.52 x 10*S? + 5.86 x 10°S>

1
—5.47 x 10°8%4 /1! /40.7 M

where 7 is the bond stress (MPa); fé is the compression
strength of concrete cylinder (MPa); and S is the slip

-l

I).concentrated bond  ll) distributed bond X

(a)

displacement between reinforcement or steel section and
concrete (mm).

For steel section and concrete, a large value was
selected for the spring coefficient, and the model of the
stress of bond and slip displacement for the transverse and
longitudinal tangential spring is shown as Eq. (2) (Wang
and Zhong 1990).

T=0.759+ 1.315X S — 1.343 x $* + 0.140 x S’ — 1.556 x S*
@)
However, great efforts and long times are required to
pick the points on concrete and steel one by one to put the
springs on the points in this way, and the spring element
cannot adequately represent the stiffness of the interface
between the steel and concrete. Nguyen and Kim (2009)
proposed a contact surface model (Fig. 9) by creating
a thin surface to simulate the whole interface cohesion
between the steel section and concrete.

;
%

¢
O
N

7
N

T T T LT AT T
//I"'...

AAREX N RN NN

Y
ey

AT AR

Cohesion
layer

Steel flange

surface Concrete

surface

Fig.9 Surfaces in tie constrain between steel section and cohesion
layer, concrete slab and cohesion layer (Nguyen and Kim 2009)

Concrete node

z

(b) (o)

Fig.8 Spring elements model. a Concentrated versus distributed bond models (Spacone and El-Tawil 2004). b Three spring elements (Wang
et al. 2016a). ¢ Bond link spring elements (Kwak and Kim 2001; Khalfallah and Ouchenane 2007; Shafaei et al. 2009)
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3.3 The Analytical and Confinement Material
Models

Extensive research has been done by Chen and Wu (2017),
Liang et al. (2014), Spacone et al. (1996a, b), El-Tawil and
Deierlein (2001a, b), Mander et al. (1988), Chen and Lin
(2006), Ellobody and Young (2011), and Mirza and Skra-
bek (1992) to simulate the actual mechanism of the SRC
columns by establishing analytical models that consider the
effect of confinement and other factors.

The fiber section model was adopted to analyze the SRC
members (Fig. 10). The section is divided into “n” fibers (not
necessarily of equal area). To determine the straining actions
such as moment or force, the stresses are integrated on the
cross-section area. The material properties are assigned to
each fiber of concrete, structural steel section, or steel rein-
forcing bar. Utilization of the ‘‘plane sections remain plane’’
theory and by relevant constitutive models, fiber stresses are
determined from them. There are various formulas for find-
ing the fiber’s strain with increasing the loads. Spacone et al.
(19964, b) defined the section axial strain and curvatures
concerning a fixed reference system, and they did not need to
trace the evolution of the position of the neutral axis (NA).
Furthermore, El-Tawil and Deierlein (2001a, b) considered
the moving of the NA with the loading (Fig. 10). Constitu-
tive uni-axial models for steel and concrete are required to
calculate the stresses of the fibers and modules of elasticity.
As for the concrete models, the model of Kent and Park
(1971), which was later enhanced by Scott et al. (1982), can
be used to include the confinement effects. The SRC column
was found to provide the initial strength against lateral shear
during increasing the load. The major snag of the Kent and
Park (1971) model formulas is that the initial stiffness of the
concrete was not considered well. This problem was solved
by Mander et al. (1988) model and other researcher’s mod-
els, like Tan et al. (2013), Fang et al. (2015), Chen and Wu
(2017), and Liang et al. (2014). Mander et al. (1988) studied

Fiber discretization

\

\, Partially confined
|~ concrete

Highly confined
7 concrete

e/ |\ Unconfined
concrete

Fig. 10 Fiber-element discretization of encased composite section
(El-Tawil and Deierlein 2001b)
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the confinement level required to achieve adequate ductil-
ity under seismic loading, the impact of flange shear studs
for enhancing stiffness and bending strength, the concrete
compressive strength, and the mechanism of shear resist-
ance of the SRC section. Chen and Wu (2017) and Liang
et al. (2014) modified the Mander’s model to consider the
confinement effect on the SRC columns with cross-shaped
steel and to predict the analytical axial load—displacement
relationships of the columns.

The confining stress in the concrete region is enhanced by
the structural steel section (Figs. 10 and 11). The confine-
ment regions can be simplified, as adopted by Mirza and
Skrabek (1992), by adjusting the parabolic regions into rec-
tangular regions. By taking the impact of non-strengthened
parts of the structural steel section on the confinement into
account, half of the steel area is taken to determine the con-
fining stress. In addition, Chen and Lin (2006) proposed the
confinement factor (K) to study the confinement effect for
highly and partially confined concrete. Figure 11 shows the
lateral pressure due to the steel section. Where, b; and b are
the flange’s total width and cantilevered length, respectively;
t, and A are the web’s thickness and area, respectively;
q, 1s the maximum lateral stress between highly confined
concrete (HCC) and steel section; f;, is the maximum tensile
stress in the web; f| (is the yield strength of the flange; f;, ; is
the nominal confining stress on the highly confined concrete
provided by the flange; and M, is the ultimate moment at the
base of the cantilevered flange.

3.4 FE Analysis

Many scholars simulated the SRC structural members by
using FE analysis to study this type of columns and to
make a comparison between the experimental results and
the FE results (Fang et al. 2015; Nguyen and Kim 2009;
Kalfas et al. 1997; Spacone and El-Tawil 2004; Wang et al.
2016a; Ellobody and Young 2011; Ellobody et al. 2011).
Fang et al. (2015) simulated the SRC cross-shaped column
specimens by using FE analysis to investigate the behavior
of the columns. They found that the FE analysis results and
the test results were consistent. Wang et al. (2016a) estab-
lished a FE model to predict the seismic performance of
the developed SRC compression-bending members, and
the FE results agreed well with the test results. Nguyen and
Kim (2009) investigated analytically the behavior of large
stud shear connectors using the non-linear FE models, the
studied parameters were the ductility, the capacity of the
connection, the load slip relationship and the failure mode.
From the comparison of the ductility and capacity of shear
connectors determined by the FE and those specified in EC4
and AASHTO LRFD, they found that the specifications of
AASHTO LRFD overestimated the capacity of the large
stud connectors; however, the design formulas presented in
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Fig. 11 Lateral confining pressure due to steel section (HCC) in partially encased SRC cross column (Chen and Wu 2017)

EC4 were conservative for small stud diameters (with the
diameter of 22, 25 and 27 mm.), but not conservative for
the diameter of 30 mm. The large stud ductility is better for
utilizing in the composite bridges.

4 The Axial Behavior of SRC Columns
4.1 The Effect of the Axial Compressive Loading

Every column must experience the axial loads; which
include live and dead loads. The RC columns have some
limitations in high-rise buildings because the gravity of
the building itself has a high axial load on the columns. To
resist the axial loads, the dimensions of RC columns must
be greatly increased, which increases the axial load in turn;
the large dimensions are often rejected by the architectural
engineers. The SRC column is one of the best solutions for
this problem since the SRC column can increase the axial
bearing capacity of the columns and enhanced the ductility
without largely increasing the dimensions of the column.
The axial behavior of the SRC columns was studied by
several scholars around the world, especially for researchers
in countries with small or weak earthquakes (Chen and Lin
2006; Weng et al. 2006, 2008b; Yu et al. 2007; Zhang et al.
2014; Chen and Dai 2015; Wang et al. 2017a, b; Soliman
et al. 2013; Ellobody and Young 2011; Rahman et al. 2016;
Yang et al. 2018; Szmigiera 2007; Chen et al. 2014b; Zhu
et al. 2013), this behavior includes the stress—strain curve,
ductility, stiffness, and strength. The axial compression
behavior is also important in simulating this type of col-
umns under the lateral seismic loads. Soliman et al. (2013)
investigated the impact of stirrups ratio on the axial behavior
of the SRC column members. The ultimate axial load capac-
ity and corresponding displacement of the specimens differ

depending on both the stirrups ratio and the encased steel
shape. In addition, Weng et al. (2008b) studied the SRC rec-
tangular columns confined with double interconnected spi-
ral under the monotonic axial compression loads. Excellent
strength and ductility capacity of the columns were observed
from the test results with significant cost savings.

The axial load-deformation behavior of the SRC column
with considering the confinement effects was investigated by
Chen and Lin (2006). They observed from the results that
the steel sections improved the axial compression strength
and post-ultimate strength. The cross-shaped structural steel
section leads to the greatest confinement while the I-shaped
has the lowest one. The axial load and long-term deforma-
tion behavior of the short SRC columns due to shrinkage
and creep were investigated by Chen and Dai (2015). It was
concluded from their results that the sustained axial load has
small effects on the bearing capacity of the SRC columns,
but the long-term deformations were large.

A comparison between the numerical and published
experimental results was done by Rahman et al. (2016) to
study the behavior of short fully encased composite SRC
columns under (short-term) axial load. The results showed
that the FE analysis predicted the experimental axial behav-
ior of the columns with good agreement.

4.2 The Effect of Fire

The effect of fire is one of the most important parameters in
the field of structural engineering. The presence of the steel
section encased in the concrete of the SRC column member
provides better fire resistance than the other types of col-
umns. The fire resistance of the SRC column was affected
by various factors, including the dimension and shape of the
cross-section, slenderness ratio, the appearance of cracks,
and eccentricity (Yu et al. 2007). Wang et al. (2017b) found
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that the fire resistance reduced for specimens that are influ-
enced by big axial load ratio than the specimens that are
affected by small axial compression loads.

The SRC columns with stud shear connectors under
axial push out test after the fire were studied by Zhang et al.
(2014) to investigate the force-slip relationship, the failure
mode, and the shear transfer of the columns. They found that
the shear transfer of the columns with shear connectors on
the web of steel section was higher than the specimens with
shear connectors on the flange of steel section. Yang et al.
(2018) and Zhou and Han (2018) tested the SRC columns
encased with CFST core under axial loads subjected to fire.
They observed that the interior CFST core had a good effect
on both the fire resistance and the behavior of the specimens
after the fire. Wang et al. (2017a) studied the bond behavior
of SRC columns subjected to fire. They found that the bond
strength reduced by 54.2%, but the maximum correspond-
ing slip increased from about 0.3 mm to 4 mm due to the
impact of the fire.

From the previous literature, it can be found that the
fire exposure has significant negative effects on the bond
cohesion behavior of the SRC members, the large axial
load reduces the fire resistance of the SRC column, and the
presence of the shear connectors on the web provides bet-
ter shear transfer after fire than the presence of them on the
flange.

5 The Seismic Behavior of SRC Columns

There are a lot of parameters affecting the behavior of the
SRC columns under seismic loading, including applied
axial load ratio and confinement; some of the parameters
are reviewed and addressed in this section.

5.1 The Effect of Applied Axial Load Ratio

The axial load ratio is one of the most important parameters
on the cyclic behavior of the SRC columns. The impact of
this parameter was studied by several researchers (Chen
et al. 2005, 2014a, 2018; Zheng et al. 2012; Ma et al. 2013,
2015; Qian et al. 2016; Fang et al. 2015; Wang et al. 2016a;
Kuramoto 2011; Yang and Li 2012; Zhu et al. 2016; Zhang
et al. 2012; Nishimura et al. 2004; Fukuhara and Minami
2008; Minh 2017; Yan and Jia 2010; Ma and Jia 2017). The
axial load ratio affects the capacity of the energy dissipa-
tion, ductility, carrying capacity, stiffness degradation, and
distribution of the axial load on the column.

The hysteresis behavior was highly influenced by the ratio
of the applied axial compressive load. When the applied
axial load was 40% of the squash load, the columns appeared
so less capacity of energy dissipation and displacement
ductility compared with the columns with 20% of the axial
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squash load, because of a sensitive increase in the moment
of secondary bending resulted by the axial loads (Chen et al.
2005). The axial load ratio affects the deformation ability,
the damage pattern and the carrying capacity of the SRHC
columns. The major influence parameter on the ductility
of columns was the axial load ratio (Zheng et al. 2012).
The seismic resistance behavior of SRC columns with high
strength concrete is also affected by the axial compression
ratio (Yang and Li 2012; Chen et al. 2014a), which had a
negative effect on the deformation capacity and the capacity
of energy dissipation (Zhu et al. 2016). The ductility of the
short steel reinforced recycled concrete (SRRC) columns
specimens decreased when the axial load ratio increased,
but the capacity of the SRC columns gradually increased.
Furthermore, the energy dissipation capacity of the speci-
mens decreased when the axial load ratio increased (Ma
et al. 2015). When the axial load ratio of cross-shaped SRC
columns increased, the ultimate lateral loads increased, but
the ductility and the stiffness decreased seriously (Fang et al.
2015).

The axial load ratio (with axial load ratio >0.42) had
a small impact on the deformation behavior and ultimate
capacity of the new-type of SRC column under seismic loads
while the ductility of the columns decreased greatly by the
higher axial compression ratio (Wang et al. 2016a). Qian
et al. (2016) studied the seismic behavior of the concrete-
encased with CFST core columns. The outcomes showed
that the axial load ratio affected the distribution of the loads
on the components of the column. The part of the axial load
resisted by the external reinforced concrete increased at first
and then decreased with the increase of the displacement at a
small axial load ratio. Pam and Ho (2009) studied the critical
zone length in high strength limited ductility RC columns
(HSRC). From the results, it was observed that the critical
zone length increased when increasing the axial compres-
sive load.

5.2 The Effect of the Embedded Depth Ratio of Steel
Sections

The embedded depth ratio of steel sections is the ratio of
steel embedded depth to section height (h,) of the steel sec-
tion, and it is used as a characterization factor. For the SRC
columns, a suitable steel embedded depth is required to
maintain their seismic behavior and strength capacity, which
had been listed in the Hyogoken-Nanbu earthquake-1995
(Azizinamini and Ghosh 1997). According to the JGJ138-
2001 (2001), the minimum ratio of the embedded depth for
the ordinary SRC column is 3.0. The steel embedded depth
ratio for the ordinary SRC column subjected to monotonic
loading was investigated by Yamaguchi et al. (1998) and
Nagata et al. (1999), and they noted that the steel embed-
ded depth ratio of 1.67 was adequate for an ordinary SRC
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column. But to consider the safety reserve Chen et al.
(2014a) suggested and recommended that the minimum
steel embedded depth ratio for the ordinary SRC columns
to be 2.5.

5.3 The Effect of Shear Connector

Extensive analytical and experimental studies have been
conducted on the SRC composite specimens with steel
shear connectors to study the performance of shear connec-
tors subjected to axial load and combinations of axial and
seismic loads (Baharom and Hossienpour 2015; Razaqpur
and Nofal 1989; Oguejiofor and Hosain 1994; An and Ced-
erwall 1996; Kalfas et al. 1997; Bursi and Gramola 1999;
Roeder et al. 1999; Civjan and Singh 2003; Nakajima et al.
2003; Fei et al. 2006; Maleki and Bagheri 2008; Maleki and
Mahoutian 2009; Nguyen and Kim 2009; Zhu et al. 2016;
Pallarés and Hajjar 2009; Valente and Cruz 2009; Rodrigues
and Laim 2011; Shariati et al. 2012a, b, 2013, 2014a, b;
Kim et al. 2013; Zhang et al. 2014; Khorramian et al. 2015;
Balasubramanian and Rajaram 2016; Tahmasbi et al. 2016;
Ricles and Paboojian 1994). An overview of previous works
in the area of shear connector performance and some other
connectors are included. The results showed that the seismic
loads lead to about 40% decreasing in the capacity of the
shear stud compared to non-seismic shear capacities. This
reduction occurs due to seismic fatigue of the weld/connec-
tor materials as well as concrete crushing causing the distri-
bution of stress to migrate up the shank of the connector to
the connector’s head, this increase bending stresses in the
connector, causing earlier failures. The initial bending of the
studs shear connectors did not have an impact on the shear
stud capacity. The concrete strength affected on the seismic
shear capacity of studs similarly to static capacities (Civjan
and Singh 2003). The columns with studs (Fig. 4) showed a
better capacity of deformation and energy dissipation with
decreasing stiffness degradation but did not have a great
impact on the performance of SRHC columns at the early
loading steps (Zhu et al. 2016). Ricles and Paboojian (1994)
found that the shear studs welded to the flange of steel sec-
tions (Fig. 12) not effective in improving the flexural resist-
ance of the ordinary SRC columns under seismic loads. Two
different types of shear connectors were studied by Valente

Fig. 12 The specimens detail
(Ricles and Paboojian 1994)

and Cruz (2009). They found that the force capacity of the
connection decreased when NWC was substituted by LWC.

5.4 The Effect of Slenderness Ratio and Shear Span
Ratio

A lot of research has been conducted on the SRC columns
with different slenderness ratio and shear span ratio (Chen
et al. 2014a; Zheng et al. 2012; Ma et al. 2015; Mirza and
Skrabek 1992; Dundar et al. 2008; Tokgoz and Dundar
2008; Ellobody and Young 2011; Denavit 2013; Campian
et al. 2015; Keo et al. 2015; Ma and Jia 2017). It can be
found from the result that the behavior of SRC columns is
greatly affected by the slenderness ratio and the shear span
ratio. When the ratio of shear span increased, the failure pro-
cess becomes slow and the ductility increased (Zheng et al.
2012). With the increasing the ratio of the slenderness, the
bearing capacity of the long columns reduced, but the like-
lihood of suddenly collapse increased (Yang and Li 2012).
Ma et al. (2015) found that the area of the hysteresis curve
of the SRRC columns with a large shear span ratio increased
significantly, but the stiffness and bearing capacity of SRRC
column decreased.

5.5 The Effect of Confinement of the Concrete

Extensive studies have been conducted to study the effect of
confinement on the SRC columns (Weng et al. 2006; Chen
and Lin 2006; Wang et al. 2016a; Yang and Li 2012; Zhu
et al. 2016; Chen et al. 2014a; Zheng et al. 2012; Zhang
etal. 2012; Ma et al. 2013, 2015; Ricles and Paboojian 1994;
Pam and Ho 2009; Naito et al. 2010; Yan and Jia 2010); they
found that the confinement by the stirrups can prevent the
steel bar from buckling, resist shear failure, and produce a
pressure of confinement for the core concrete, which greatly
improves the capacity and the ductility. Moreover, the stir-
rups also fix the longitudinal bars from being moved at the
construction time and resist the tendency to buckle outward
under load, which would cause spalling of the outer concrete
cover even at small load levels, remarkably in the case of
columns under the eccentric loads.

The effect of the stirrup ratio was negligible on seismic
resistance behavior of SRC columns with high strength

Detail A

Shear Studs
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concrete (Yang and Li 2012). The ductility of the new kinds
of steel ordinary weight concrete columns with rotated
cross-shaped steel sections decreased with the increasing
of stirrup spacing (Wang et al. 2016a), but the ductility of
the composite SRC columns with high strength concrete
decreased with the increase of the stirrup amount ratio
(Zheng et al. 2012).

Mander et al. (1988) proposed a formula, as shown in
Eq. (3), for the strength of confined columns. Some research-
ers used the Mander’s equation to determine the impact of
the confinement on the composite SRC columns with con-
sidering the lateral pressure (f{) due to both the steel sections
and the stirrups.

, 7.94f  f]
£ =1 (-1.254 +2.2544/1+ — - 2f,—) 3
co co

where f;c is the confined concrete compressive strength
(MPa); fg , is the unconfined concrete compressive strength
(MPa); and fl’ is the effective lateral confining stress (MPa).

The cyclic performance of ordinary short and long SRRC
columns was evaluated by (Ma et al. 2015). It can be noted
from their results that when the ratio of stirrups increased,
the ductility and the capacity of energy dissipation of short
columns increased as well. Ricles and Paboojian (1994)
investigated experimentally the SRC columns subjected to
seismic loads (Fig. 12). They found that the SRC columns
had high horizontal ductility and strength if the buckling of
the longitudinal reinforcement bars was prevented, and the
structural steel section resisted the horizontal shear with the
overloading.

The seismic resistance of spirally confined rectangular
SRC columns with a new type of five interconnected spi-
rals cage was studied by Weng et al. (2008a). This type
of columns was able to resist a drift ratio up to 6% with
significant cost savings of the steel. At the end of the test,
the columns demonstrated tangible peel off the cover of
concrete in the plastic zone near the column base, but

the concrete in the confined regions of the five-spirals
remained undamaged. Fauzan et al. (2005) studied a new
composite system of engineering wood encased concrete-
steel (EWECS) composite column. The shell of wood
during construction acted as forming for the confining
of the member; the result showed the utilization of the
woody shell as confinement cover for this type of column
gave economic and structural benefits, but it may have a
negative impact on the fire resistance. Zhu et al. (2016)
conducted experiments on the SRHC columns (Fig. 4) to
investigate the seismic performance of the specimens. It
can be concluded from their results that the stirrups and
the used structural steel ratios were suitable for use in high
rise buildings in seismic zones. The stirrups had a little
impact on the lateral load and initial stiffness at the stage
of cover spalling but had a useful impact on the deforma-
tion capacity and energy dissipation capacity.

The behavior and strength of cross-shaped SRC exte-
rior and corner beam—column joints (Fig. 13) with applied
forces from the single and double side were studied by
Chen et al. (2009) and Chen and Lin (2009), respectively.
As shown in Fig. 13; they studied different types of joins;
including (a) corner steel joint with cross-shaped steel col-
umn; (b) corner joint consisted of SRC beam, SRC col-
umn with cross-shaped steel section, and corner stirrups;
and (c) exterior joint consisted of SRC beam, SRC col-
umn with cross-shaped steel section, and corner stirrups.
They found that the utilization of both the corner stir-
rups and cross-shaped steel sections was able to supersede
the ordinary hoop stirrups, provide high lateral support
to longitudinal reinforcement bars, and suitable concrete
confinement in the joint. For the SRC column, increasing
the depth of steel cross-section provides more concrete
confinement and high shear strength in the beam—column
joints region. In addition, Chen et al. (2005) found that
the SRC beam—columns can provide a large capacity for
energy absorption and good hysterical behavior by using
cross tie stirrups and increase the numbers of lateral hori-
zontal tie stirrups.

|
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Fig. 13 The beam column joint region (Chen et al. 2009). a Corner joint with steel beam and column. b Corner joint with SRC beam, SRC col-
umn, and corner stirrups. ¢ Exterior joint with SRC beam, SRC column, and corner stirrups
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5.6 The Effect of the Concrete Strength

In recent years, extensive research and composite buildings
have been done with different types and strengths of con-
crete (Zheng et al. 2012; Szmigiera 2007; Tokgoz and Dun-
dar 2008; Ellobody and Young 2011; Ricles and Paboojian
1994; Pam and Ho 2009; Ma and Jia 2017). The ordinary-
strength concrete has a characteristic compressive strength
f; up to 50 MPa; concrete with a compressive strength
higher than 50 MPa is considered as high strength concrete
(Warner et al. 1998), which may be made by using high-
quality aggregates and superplasticizers, and the strength
may exceed 100 MPa. When the concrete strength enhanced,
the capacity of shear of the SRC columns increased but the
deformation ability declined, the cyclic behavior of SRC
columns with long webs of cross-shaped steel was more
affected by the concrete strength (Wang et al. 2016a). Fur-
thermore, the capacity of long SRC columns increased with
the concrete strength increasing (Yang and Li 2012).

Several researchers used the high or very-high strength
concrete to examine the behavior of SRC columns with these
concrete materials (Zheng et al. 2012; Zhu et al. 2016; Pam
and Ho 2009; Yan and Jia 2010; Yan et al. 2017). Zheng
et al. (2012) found that the ductility of the SRC columns
with high-strength concrete decreased with the increase of
the stirrups amount ratio. Pam and Ho (2009) studied the
critical zone length of the SRHC columns. They found that
the column’s critical zone length increased when increas-
ing the strength of the concrete. The cyclic behavior of
the frames with SRC beams and steel reinforced ultrahigh
strength concrete (SRUHC) columns were investigated by
Yan and Jia (2010). Yan et al. (2017) established a numerical
hysteretic model to study the seismic behavior of SRUHSC
column and SRC beam joint. From their results, it was con-
cluded that the proposed hysteretic model could simulate
well the hysteretic curves properties by considering the dam-
age effects.

5.7 The Effect of Lightweight Concrete (LWC)

The LWC usually consists of either lightweight sand or
lightweight coarse aggregate. The LWC is lighter than the
NWC by about 20% (Decker et al. 2015). The density of
the LWC is about 1.44—1.84 t/m> compared with the NWC
with a density between 2.2 and 2.6 t/m>. Due to the advan-
tages of the LWC, it attracts many researchers, and therefore
it has a lot of applications in buildings. The applications
of LWC in SRC elements effectively reduce the cost and
seismic reaction due to decreasing the dead load. In struc-
ture design, this means reduced gravity loads and seismic
masses, which allows the structural engineering design-
ers to reduce the dimension of columns and other bearing
members, thus reducing cost as well as construction time.

The main advantages acquired from using the SRC columns
including good behavior in durability, thermal and sound
insulation, and frost resistance. Many researchers studied
the performance of shear connectors and SRC members
with LWC (Al-Shahari et al. 2003; Tan et al. 2013; Valente
and Cruz 2009; Shariati et al. 2011; Yan et al. 2014). But
the LWC exhibits obviously brittle behavior, it has a lower
elastic modulus, and the capacity of shear connectors with
LWC is smaller than the capacity of the shear connector with
NWC, that makes it still needs more study. The behavior
of the connection between the steel and LWC was studied
by Valente and Cruz (2009). They found that the LWC was
adequate to be used in the SRC composite members, it has
a smaller load capacity than the NWC specimens, and it has
a bigger capacity of deformation.

6 Discussion and Recommendations

This paper presents the experimental and analytical studies
that are related to the SRC columns and what are the impor-
tant things that had not studied, to assist next researchers to
know what is unknown and to push forward this field, when
these columns are used under the axial load and the combi-
nations of axial and seismic loading conditions. It was found
that the SRC columns were effective in resisting the verti-
cal and horizontal loads. Table 3 summarizes the important
conclusions and recommendations for future research.

On the basis of the overview of the SRC column that is
presented in this review paper, the following discussion and
recommendations can be found:

e The previous researchers studied the effect of many
parameters on the axial behavior of SRC columns,
including the confinement, fire, kind of the axial load,
and other influence factors; but they have not investi-
gated the effects of fire and other parameters, such as
concrete type, on the new types of these columns with
rotated cross-shaped steel section. So, the future studies
are advised to cover this point.

e From the previous studies, the scholars have not stud-
ied the effect of bond slip behavior on the new types of
SRC columns with rotated cross-shaped steel sections
under the axial load and the combination of axial and
seismic loads. So, the effect of bond slip behavior with
the new types of SRC columns is suggested to study in
the future. In addition, the future studies are suggested to
study which embedded depth ratio of steel is appropriate
and recommended for the new kinds of SRC columns
under seismic loading with various kinds of concrete.

e [t is possible for the next researchers to study the effect
of axial load ratio on the new types of the SRC columns
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specimen with rotated cross-shaped steel sections by
using various kinds of concrete.

e The scholars have not studied the effect of different types
of shear connectors on the new kinds of SRC columns
under the axial load and the combination of axial and
seismic loads. The next researchers are suggested to
study which types and positions of shear connectors are
recommended to use with the new kinds of SRC columns
with different kinds of concrete.

e The previous researchers studied the impacts of slender-
ness and shear span ratio on the SRC columns, but they
have not investigated their effects on the new kinds of
SRC columns. So, the next researchers are advised to
study the impact of slenderness and the ratio of the shear
span on the new types of SRC columns.

e The scholars have not studied the impact of confine-
ment by stirrups and steel sections on the new types of
SRC columns by using different kinds of concrete under
the axial load and the combination of axial and seismic
loads. The future studies are recommended to cover this
point.

e The SRHC and SRUHC columns are favorite due to its
huge strength, small cross-section, and large unsupported
spans in high-rise buildings, but it has a brittle failure
behavior and there is a lack of study about the effect of
the high and ultra-high strengths concrete on the behavior
of new types of SRC columns. So, the next researchers
may cover this point.

e Despite the advantages of LWC mentioned in Sect. 5.7,
but it has a brittle failure behavior. Extensive studies
regarding the effect of LWC on the column and bear-
ing members were found to reinforced concrete columns,
CFST columns, walls, and ordinary type of SRC col-
umns. However; limited studies available regarding the
implementation of LWC in composite new types of the
SRC members, but due to the benefits of the new type of
SRC column, that found by Wang et al. (2016a). The next
researchers are advised to study the effect of different
strength grades of the LWC on the behavior of the new
types of SRC columns.

7 Conclusions

The previous studies on the SRC columns fundamentally
focused on the columns with a simple arrangement of struc-
tural steel section, with a few attention was paid to the new
type of SRC columns. The SRC columns have proven to
be efficient in resisting both vertical and horizontal loads.
This makes them preferred in the high-rise building and the
areas subjected to earthquakes. Increasing the depth of steel
cross-section provides more concrete confinement and high
shear strength. The new types of SRC columns need more

analytical and theoretical studies to get new theoretical mod-
els for the design and to know the mechanism of the new
kinds of these columns; in addition, to take into account the
effect of confinement by stirrups and steel section in differ-
ent design codes. The SRC column can increase the axial
bearing capacity of the columns and enhanced the ductility
with significant cost savings. But the fire resistance reduced
for specimens that are influenced by large axial compression
load ratio than the specimens that are affected by small axial
compression loads.

The axial load ratio affects negatively on the seismic
behavior of the SRC columns, especially on the ductility.
For the ordinary types of the SRC columns, when the axial
load ratio increased, the capacity of the columns increased,
but the ductility, stiffness degradation, and the capacity of
energy dissipation of columns decreased. While for the
new-types of SRC columns with ordinary concrete the axial
load ratio has no big effect on the ultimate deformation
and capacity of specimens, but the ductility of the columns
specimens decreased seriously by the high axial load ratio.

The SRC columns with studs connectors showed a better
capacity of deformation and energy dissipation with decreas-
ing the stiffness degradation but did not have a great impact
on the performance of SRHC columns at the early loading
steps. The seismic loads lead to about 40% decreasing in the
capacity of the shear stud compared to non-seismic shear
capacities. The suitable embedded depth of steel sections in
the ordinary types of SRC columns with cross-shaped steel
section subjected to monotonic loading was 2.5. And, when
the ratio of shear span increased the deformation capacity of
the SRC columns and the ductility increased but the failure
process becomes slow.

The confinements by the stirrups and steel section
enhanced the bearing capacity, the capacity of energy dis-
sipation, and ductility of the SRC columns. But the impact
of stirrup ratio on the behavior of seismic resistance of SRC
columns with high strength concrete was small, where the
ductility of the SRC columns with high strength concrete
and new types of steel ordinary weight concrete columns
with rotated cross-shaped steel sections columns decreased
with the increasing of stirrup spacing. The utilization of both
the corner stirrups and cross-shaped steel sections was able
to supersede the ordinary hoop stirrups, provide high lateral
support to the longitudinal reinforcement bars, and suitable
concrete confinement in the joint. Using cross tie stirrups or
increase the numbers of lateral horizontal tie stirrups also
provide a large capacity for energy absorption and good
hysterical behavior. The bond behavior between concrete
and steel is an important issue in composite SRC members,
especially in the case of fire exposure where the bond cohe-
sion becomes weak and the slip greatly increases.

When the concrete strength enhanced, the capacity of
shear of the SRC columns increased, but the deformation
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ability declined. The critical zone length of the SRHC col-
umn increased when increasing the strength of the concrete.
The applications of LWC in SRC elements effectively reduce
the cost and seismic reaction, so the LWC is adequate to be
used in the SRC composite members. The LWC specimens
have a smaller load capacity than the NWC specimens; they
have a tendency to a bigger capacity of deformation. And
the stud’s stiffness welded to SRC columns with LWC was
lower than those in NWC.
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