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ABSTRACT

Steel-reinforced concrete (SRC) columns, which are classified as composite columns, became the most
widely used in recent years; because of their extensive advantages over the reinforced concrete and the
steel columns. In this paper, the ductility index and its influential factors were explored to investigate
the behavior of SRC columns. A straightforward approach was then proposed by establishing the
necessary equations based on the plastic stress distribution method. Accordingly, an experimental
program was performed on six SRC column specimens with two H- and cross-shaped steel sections
and three eccentricity ratios of 0.4, 0.55, and 0.7. In addition, a finite element model was developed for
numerical analysis using Abaqus software, which was verified by the experimental results. A total of
30 columns were thus analyzed for the parametric study where the effects of geometric and material
variables, including steel percentage, concrete compressive strength, lateral tie spacing, and
geometrical shape of the steel core on the ductility index of these columns were assessed. The results
confirm that for the H-shaped column, reducing the lateral tie spacing ratio from 0.6 to 0.2 not only
increases the ductility index to as much as 72%, it also induces a post-yield hardening in the load-
displacement curve and increases the bearing capacity by 20%. Subsequently, load-bending moment
interaction curves were developed according to plastic stress distribution method cited in EC4 Code
and then compared with those obtained through the software. Thus, normalized curves were presented
as a means to design these columns.

doi: 10.5829/ije.2020.33.08b.11

1. INTRODUCTION

The application of SRC columns is particularly

components, and proper fire resistance since the steel
parts are encased within the concrete [1-5].
In recent years, numerous studies on composite

desirable due to many architectural, structural, and
economic expediencies over the concrete or steel
columns. Besides, the constant need to improve
materials and reduce the dimensions and size required in
the structural systems became critical, especially in
high-rise buildings. In this context, SRC columns are
utilized because of their high bearing capacity, high
stiffness, and ductility. These columns, distinguished as
a type of composite column, have significant advantages
such as good shear strength, no local buckling of steel
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columns have been carried out. For instance, the
research done by An et al. [6], a numerical model was
created in Abaqus to present a column containing an
embedded steel tube section. The model was
subsequently verified by experiment to evaluate the
flexural performance of the column. Distinct regions of
concrete confinement were also considered in modeling
in order to improve accuracy. The steel tube sustained
no local buckling, and developed its plastic strength.
According to plastic stress distribution method, a
relation was proposed to estimate flexural capacity of
SRC sections. Ellobody et al. [7, 8] introduced different
confinement regions into the numerical model using
Abaqus by examining the SRC columns with H-shaped
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steel section under the combination of axial load and
bending moment. They demonstrated that incorporating
such regions into numerical modeling leads to a good
agreement between the experimental and numerical
results. In their research, fixed rectangular zones were
used to partition the confinement regions in numerical
modeling. Lin and Chen [9] proposed a numerical
model to estimate the bearing capacity of SRC columns
with different I-, H-, cross-, and T-shaped sections and
different lateral tie spacing. In this numerical model,
two types of behavior were presented for the
longitudinal reinforcement and the steel section. The
method given by Mander et al. [10] was practiced to
consider the effects of concrete confinement. The
findings denoted that taking the impact of confinement
into account would increase the load-bearing capacity of
the column. Wang et al. [11] performed a numerical
study via Abaqus on several SRC columns subjected to
eccentric loading and verified the numerical model with
the experimental results. A parametric study was then
carried out to examine the factors counting the concrete
strength, steel yield stress, and eccentricity of loading
on the strength and behavior of these columns. The
results were also compared with some regulations. The
results indicated that the plastic stress distribution
method, adopted by the codes, may not always be
conservative. Han and An [12] studied the behavior of
SRC columns with steel tube sections, emphasizing that
the use of these sections in the construction of high-rise
structures and bridges is perceived to be growing. They
prepared a numerical model by Abaqus to study the
behavior of the columns. The nonlinear behavior of the
materials, as well as the interaction between the steel
tube and the concrete, either the external part or the core
concrete, were considered. Different regions of concrete
confinement were defined in the software modeling so
that three zones of highly-confined core concrete,
moderately-confined steel tube exterior, and the
unconfined concrete cover with distinct stress-strain
behavior were included in the modeling. It was affirmed
that the results obtained from the simulation were in
good accord with the predicted values as a consequence
of considering different regions of concrete
confinement. A relationship  was  therefore
recommended to estimate the bearing capacity of the
column. Zhou et al. [13] conducted multiple numerical
and experimental studies on the behavior of H-shaped
steel sections of SRC columns subjected to eccentric
compression. No less than eight specimens were tested
to screen the effects of load eccentricity, width-to-
thickness ratio of the steel section, and the shear studs.
The results were put together with those of Abaqus
modeling. In this regard, they exercised Li et al.'s [14]
relationships to model the behavior of concrete in the
software, considering the two confined and unconfined
concrete regions. The outcomes exhibited a proper

consistency between the measured values with those of
the software predictions. Moreover, several analytical
and experimental investigations have been previously
conducted on the SRC columns with H- or cross-shaped
sections, including Mirza and Skrabek [15], Mirza et al.
[16], EI-Tawil and Deierlein [17], Munoz and Hsu [18],
Bogdan et al. [19], Lelkes and Gramblicka [20], among
others.

According to literature so far, the behavior of SRC
columns can be credited to several factors, one of which
has been acknowledged to be the ductility. On this
account, a number of SRC columns with different steel
sections and load eccentricities were experimented in
the present study. After the necessary tests and
measurements, the specimens were modeled and
validated through the Abaqus software, so that the
proposed model could be used for further investigation.
Afterward, a parametric study was accomplished on a
total of 30 SRC columns, geometrical and material
variables, including the section steel percentage,
concrete compressive strength, lateral tie spacing, and
the geometrical shape of steel section were discussed.
Finally, some relationships were established to estimate
the ductility index of columns with different steel
sections. The required relationships for plotting the axial
load-bending moment interaction curves of these
columns were also derived based on the plastic stress
distribution method. Furthermore, specific curves were
presented, from which an inventory of SRC columns
could be conveniently designed once these curves were
generalized.

2. SUMMARY OF EXPERIMENTAL INVESTIGATION

Ahmadi et al. [21] performed an experimental and
numerical study on six specimens of SRC columns.
Figure 1 provides details of the experimental specimens.
As it is inferred, the span length of all specimens is
460mm, and the section dimensions are
150x150mm.The longitudinal reinforcement bars
comprise 4®10, the ties are made of ®8@ 60mm, and

the concrete cover thickness over the ties is 15mm. As
shown in this figure, grooved steel plates were used at
both column ends so as to represent the hinged supports
and apply different values of eccentricity ratios «/B),
including 0.4, 0.55 and 0.7. These experiments were
performed in the structural laboratory of Noshirvani
University of Babol, and thus, due to the limited load-
bearing capacity of the testing device, such values were
selected so that all specimens could be experimented.

It should be noted that the eccentricity, e, was
measured relative to the plastic centroid of the section.
Two types of steel sections were encased in the
concrete, which makes up a total of 6 specimens given
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the three eccentricity ratios. Table 1 summarizes the
specimen specifications along with their notations.

A linear variable differential transformer (LVDT)
was installed at midspan, perpendicular to column
direction, to record the lateral displacement. Two other
LVDTs were also instrumented on the sides of the
specimen to measure the axial deformations. Mix design
in preparing the concrete cylinders conformed to
ACI211.1-91[22] with average 28-day compressive
strength of 30MPa. Steel properties were determined
according to the tension test recommended by
ASTM E8/E8M[23], the results of which are reported in
Table 2.

All laboratory specimens, with hinged boundary
conditions at both ends, were subjected to eccentric
compression. The overall schematic of the testing

PL70x4

PL30x4

4910

460

=120 -+

Figure 1. Overall dimensions of column with H- and cross-
shaped sections

TABLE 1. Specifications of the tested SRC columns

TABLE 2. Results of tensile test on plate and reinforcements

Yield Stress (MPa)  Ultimate Stress (MPa)

Steel Plate 243 367
Longitudinal Rebar 302 430
Transvers Rebar 297 388

Notation Steel Core Dimecr:gilgrr:;rzmm) Ecc&r;:;i)city
SRC-X60 Cross 150x150%700 60
SRC-X82 Cross 150x150%700 825
SRC-X105 Cross 150x150%700 105
SRC-H60 H 150x150%700 60
SRC-H82 H 150x150%700 82.5
SRC-H105 H 150x150%700 105

; " Diameter= 18 mm
/ g

30 mm

(a) Supporting plate to apply
the eccentric load
Figure 2. Test setup with measuring arrangements

(b) Overall testing system

system, along with its boundary element, is given in
Figure 2.

The results obtained for the SRC column with cross-
shaped steel core in terms of three cases of eccentricity
are sketched and compared in the form of axial load-
axial displacement and axial load-midspan lateral
displacement curves in Figure 3. In specimens SRC-
X60 and SRC-X82, the ultimate yield and failure modes
respectively happen to be cracking on the tensile face
and concrete crushing on the compressive face at
midspan. According to the figure, the load ramps up
with a steep slope towards the peak load, while in
specimen SRC-X105, there is an abrupt decline in the
bearing capacity following the peak load, and thus the
cracking and crushing occurs in the vicinity of the
boundary element.

In like manner, the results of SRC columns with H-
shaped steel core are illustrated in Figure 4. In
specimens SRC-H60 and SRC-H82, the ultimate yield
and failure modes, respectively, take place as cracking
on the tensile face and crushing on the compressive face
adjacent to the boundary element. In this sense, the
post-peak capacity drops with a relatively sharp slope,
whereas in specimen SRC-H105, yielding and failure
occur at midspan. As lateral displacement gradually
increases at midspan, the tensile reinforcement exceeds
the yield limit strain.



1532 M. Ahmadi et al. / IJE TRANSACTIONS B: Applications Vol. 33, No. 8, (August 2020) 1529-1543

400

—— SRC-X60
- - - -SRC-X82
— - -SRC-X105

350

300

250

200

150

Load (kN)

Longitudinal anm)

@)

400
— SRC-X60
- - - -SRC-X82
300 — - - SRC-X105

350

250

200

Load (kN)

150

e S

100

so f°
.

Transverse (mm)

(b)
Figure 3. Laboratory specimens with cross-shaped steel core:
(a)Axial load-longitudinal displacement curve; (b)Axial load-
midspan lateral displacement curve

Figure 5 shows the failure mode in the ultimate state
of all specimens.

3. FINITE ELEMENT ANALYSIS MODEL
The FE model developed in Abaqus, the steel section

and the concrete were modeled using the S4R shell and
C3D8R elements, respectively [24-25]. The three-

400

— SRC-H60
- - - -SRC-H82
— - -SRC-H105

Load (kN)

Longitudinal amm)

@)

400

—— SRC-H60
- = = -SRC-H82
— - - SRC-H105

Load (kN)

Transverse (mm)

(b)
Figure 4. Laboratory specimens with H steel core: (a)Axial
load-longitudinal displacement curve; (b)Axial load-midspan
lateral displacement curve

dimensional two-noded T3D2 element was used for the
simulation of longitudinal and lateral reinforcement
bars. The steel components were embedded inside the
concrete blocks to ensure an adequate bond between the
steel sections, the concrete, and the reinforcements.
Furthermore, the top and bottom of the specimen were
supported by two rigid steel plates, to which R3D4
elements were selected and tied to the concrete surface
in the defining step. The load was exerted to the top of
the column with desired eccentricities in the
displacement-control mode. The sketch of the numerical
model is presented in Figure 6. In this model, the
damaged plasticity model was implemented for the
concrete material, which accounts for two fundamental
principles of tensile cracking and compressive crushing
during the failure mechanism. Besides E:473o\/f7

and y=02 were postulated for concrete after the
ACI318-11 [26], in which ¢ is the cylinder

compressive strength in MPa. Also, the elastic-plastic
model was adopted for steel material with £ = 200 GPa

and v =0.3.

SRC-X60  SRC-X82 SRC-XI0
— -

Figure 5. Ultimate yieldin mode and failure of experimental
specimens
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Steel section Steel section Rigid loading plate
(S4R) ’ (R3d4)

Concrete
(C3DSR)

™\ Longitudinal rebar ™ Longitudinal rebar
(T3D2) (T3D2)

(@) (b) (©
Figure 6. Finite element model of laboratory specimen: (a)
cross-shaped section; (b) H-shaped section; (c) Overall
configuration of the numerical model

The stress-strain behavior of the compression
concrete was defined in the numerical model using the
relations provided by Barr and Lee [27]. This model
consists of a continuous function plus the sum of two
exponential functions as given by Relation (1):

foo=C e e ) &)

in which C;, C,, and Cs are constants regulating the
shape of the stress-strain curve and are calculated as
follows:

1[G
S @
3 2 2
C _ fmax
(=) @
_ Ina
2 x_(a-1) 4)

where § is the uniaxial compressive strength, x  the

strain at ultimate load, and a_&, which can be
<

determined by Relation (5):
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The above relationships, X is the strain

02f

max

corresponding to 20% of the uniaxial compressive stress
in the post-peak phase. The stress-strain relationships
recommended by An et al. [6] is presented in Relation
(6) to model the behavior of concrete in tension:

% 8‘/8'0

- 17
o 2
t0 0.310IO [(gl/gm j —l} + gl/gm

where . _, JE. and the tensile cracking resistance
to to C

(6)

1 1 067 1 H
o, I estimated by 0[011'4(&,/10] in  which

E —4730./f’, and f’ is the cylinder compressive
C c c
strength is in MPa.

4. VERIFICATION OF FINITE ELEMENT MODEL

The numerical predictions were compared with those of
the experiment to verify the proposed FE model. The
comparison was made respecting the three columns of
SRC-H105, SRC-X82, and SRC-X60  with
specifications reported in Table 1; the results of which
were then employed for verification of the numerical
models.

4. 1. Axial Load-Axial Displacement Behavior
The experimental results were compared with those
obtained via FE modeling in terms of load-displacement
behavior, as depicted in Figure 7. As for the three
verified specimens, the load-axial displacement curves
match the FE curves with a subtle difference at peak
load, which is likely to be associated with a geometric
and loading defect/imperfection generated through the
experiment.

4. 2. Axial Capacity The ultimate axial loads
were obtained from the numerical model and compared
with those of the experiment. Table 3 compares the peak
load of the laboratory specimens with the capacity
derived from the FE analysis. The reported mean and
standard deviation values highlight a favorable
efficiency of the FE model in predicting the desired
measures.

4. 3. Failure Modes The main yielding mode in
the experimental specimens was the concrete crushing.
Surface cracks in concrete are always an indication of
reaching the yield state. The failure sequence of the
tested columns started with cracking in the middle of
the column as well as the top and bottom regions close
to supports. Then, as the load increased, cracks became
wider and the concrete cover spalling happened. Finally,
concrete crushing began, followed by the yielding of the
longitudinal rebars. The yielding modes of the SRC
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(©
Figure 7. Comparison of load-longitudinal displacement:
(a) SRC-X82; (b) SRC-H105; (c) SRC-X60.

TABLE 3. Comparison of the numerical and experimental
results

Peak load(kN) P
Sample codes P . P P .
SRC-H105 196.1 193.2 0.985
SRC-X82 193.2 188.3 0.975
SRC-X60 351.1 348.6 0.993
Mean 0.984
Standard deviation 0.009

columns obtained from the finite element analysis were
compared with those of the experimental specimens. A
comparison between the yielding modes of experimental
and numerical columns is demonstrated in Figure 8.

5. ANALYSIS AND DISCUSSIONS

Once validity of the numerical model was established,
ensuring the behavioral model of materials, the correct

interaction between different element parts, as well as
the applied boundary conditions and loading procedure,
a parametric study was embarked on by varying the
geometric and material properties of the model so as to
better understand the behavior of SRC columns. In this
setting, the influence of several factors, embracing steel
percentage, concrete compressive strength, lateral tie

Figure 8. Comparison of yielding modes and failure of
experimental and numerical specimens: (a) SRC-X60 column;
(b) SRC-X82 column; (c) SRC-H105 column
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spacing, and geometrical shape of steel sections were
tackled. Thus, a total of 30 SRC columns were analyzed
(as shown in Figure 9), the results of which are given in
Tables 4, 5, and 6 accompanied by the specimens'
specifications. In these tables, L denotes the specimen
length, D the column side, S the lateral tie spacing, As
the steel percentage, and f; the standard cylinder
compressive strength. In a general sense, both the high
percentage of section steel and the low tie spacing
enhance the ductility of the column. As a criterion to
examine the ductility of SRC columns in this paper, the
ductility index () is defined as the ratio of

displacement at a point corresponding to 85% of the
peak load on the descending branch of the curve (Au) to
the yield point displacement (Ay) [28]:

A, S
p=_r= fA LT, ) ,steel core shape) (7)
y

It is important to note that in the modeling settled by
the Abaqus software, the possible slip between the steel
section and the concrete surface, as well as the
geometrical defects generated during the experiment,
are not taken into account. Moreover, this research does
not pursue the code recommendations at selecting the
material properties and section dimensions, which can
be regarded as a drawback to this study.

As reported in Table 4, the ductility index increases
with an increase in the steel percentage of the section. In
this table, three values of 1, 3, and 5% were assumed for
the steel percentage. The ductility index marks the
highest measure for the box-shaped section and the
lowest value for the cross-shaped. It is discerned, based
on the tabulated results, that the ductility index is

TLII2) T

»
N
< ;
b :
\‘\ ¥
P s
b
4
F

(@) (b) (©
Figure 9. Sections used in the parametric study: (a) Box-
shaped section; (b) H-shaped section; (c) Cross-shaped section
removed

escalated by 31.7% as the steel percentage of the H-
shaped section increases from 1 to 5%. Such a gain is as
much as 14.7 and 25% for the cross- and box-shaped
sections, respectively.

The obtained results match the eccentricity ratio of
0.1, in which case the behavior of the column is closer
to that of the steel, and thus, p increases by increasing
the steel percents (As).

Figure 10 illustrates the load-axial displacement
curve of various sections for different percentages of
steel. It is recognized that the box-shaped column
features a higher bearing capacity in the post-yield
phase than the other sections. This argument is
connected with the higher confinement of concrete
inside the box-shaped steel section, which in turn
increases the ductility index. In some measure, the fact
holds for the H-shaped section, owing to the
confinement of concrete between the flanges and
the web.

Three values of 15, 30, and 60 MPa were adopted
for concrete compressive strength in Table 5 so as to
evaluate its impact on the ductility index. It turns out
that the ductility index downscales with increasing
compressive strength of concrete such that in H-shaped
section, the ductility index reduced by 38.4% as the
compressive strength surged from 15 to 60 MPa. The
commensurate values for the cross- and box-shaped
sections were 32.4 and 26.2%, respectively. The
obtained results match the eccentricity ratio of 0.1, in
which case, similar to the column under axial load, an
increase in fc makes the column to have a more brittle
response.

Figure 11 depicts the load-axial displacement curve
of various sections for different values of concrete
compressive strength. As can be seen, the ultimate axial

TABLE 4. Effect of steel percentage (As) on the column
ductility index

Steel Section A, Axial A A

Specimen (mm) (%) ():/a(rl)(aﬁ)lt (méq) (m;1) H

HN1 3PL60x1.25 1 765.8 0.95 2105 221
HN2 3PL60x3.75 3 877.1 1 251 251
HN3 3PL60x6.25 5 991.7 11 32 291
XN4 2PL60x191 1 764.2 09 1966 2.18
XN5 2PL60x592 3 873.7 095 2255 237
XN6 2PL60x10.25 5 983.5 1 25 25
BN7 60x60x095 1 771.8 1 2.4 24
BN8 60x60x295 3 884.8 1 281 281
BN9 60x60x5.12 5 1004.3 125 375 3

* Column Dimensions (mm):150x150x460, L/D=3, S/D=0.4, f.=30MPa,
e/B=0.1
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Figure 10. Comparison of load-axial displacement curves for
column with various steel cores: (a) As=1%; (b) As=3%; (c)
As=5%

TABLE 5. Effect of concrete compressive strength (fc) on the
column ductility index

BL16 3 15 617.5 15 4.47 2.98
BN17 3 30 884.8 1 2.81 2.81
BH18 3 60 1449.3 0.85 1.863 2.2

Axial

Specimen (OAA; (Mlga) Cz-zﬁe’l::)ity (ﬁé) (nfrl;w)

HL10 3 15 602.7 1.25 4.22 3.36
HN11 3 30 877.1 1 251 251
HH12 3 60 1448.8 0.85 1763  2.07
XL13 3 15 597.7 12 3.45 2.87
XN14 3 30 873.7 0.95 2255 237
XH15 3 60 1449.4 0.85 1.65 1.94

* Column Dimensions (mm):150x150x460, L/D=3, S/D=0.4, e/B=0.1
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Figure 11. Comparison of load-axial displacement curves for
column with various steel cores: (a) fc=15 MPa; (b) fc=30
MPa; (c) fc=60 MPa

load and the stiffness of the column were affected by
concrete strength such that the curve captures a steep
slope in the ascending portion as regards to the higher
strength concrete and due to high elastic modulus. The
descending portion of the curve takes even a steeper
slope because of the brittleness of the section, which
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reduces its ductility index compared to sections with
lower compressive strengths.

Table 6 outlines the effect of tie spacing on the
column ductility index, for which four values of spacing
ratios 0.1, 0.2, 0.4, and 0.6 have been considered. It is
well comprehended that the main objective of using ties
in columns is to provide concrete confinement, to
trigger suitable support for longitudinal bars so as to
prevent their buckling, and to improve the shear
strength of the section. Accordingly, the tie spacing is
an influential factor on the ultimate capacity and the
behavior of columns. Table 6 demonstrates that a
reduction in the tie spacing increases the ductility index,
characterizing the highest value for the box-shaped
section and the lowest measure for the cross-shaped.
The results also signify that with increasing tie spacing,
the bearing capacity and the ductility index drastically
fall. In this case, by varying spacing ratio (S/D) from
0.1 to 0.6 for the H-shaped section, the ductility index
drops by 54.6%. The equivalent values are 56 and
51.4% for the cross- and box-shaped sections.

Figure 12 portrays the load-axial displacement
curves concerning the different values of S/D. As can be
seen, the ascending branch of the curves is identical for
all columns and the discrepancy between different
sections, influenced by the tie spacing, is observed in
the post-yield phase so that there is a post-yield
hardening area at spacing ratios of 0.1 and 0.2. This is
mainly attributable to the evolution of high confinement
and the reinforcement buckling prevention as per the
lateral ties. Such impact subsides as the spacing
increases, followed by a decline in the curve slope and

TABLE 6. Effect of tie spacing (S/D) on the column ductility
index

S Axia_l A A

Specimen (QS) D Czﬁ)(alllc)lty (mr;) (mrun)

HN19 3 0.1 1163.45 0.7 3.69 5.27
HN20 3 0.2 1014.86 0.75 3.09 412
HN21 3 04 877.1 1 251 251
HN22 3 0.6 845.6 0.9 2.15 2.39
XN23 3 0.1 1160.4 0.7 3.55 5.07
XN24 3 0.2 1015.2 0.75 2.86 381
XN25 3 0.4 873.7 0.95 2255 237
XN26 3 0.6 841.1 0.85 1.901 2.23
BN27 3 0.1 1176.1 0.7 3.862 5.52
BN28 3 0.2 1025.4 0.75 3.3 4.4
BN29 3 0.4 884.8 1 2.81 2.81
BN30 3 0.6 848.4 0.9 2411 2.68

* Column Dimensions (mm):150x150x460, L/D=3, f.=30MPa, e/B=0.1

subsequently a decrease in the bearing capacity and the
ductility index.

Figure 12, for S/D= 0.1 and 0.2, due to the high
confinement induced by the ties and the inhibition of the
buckling of longitudinal bars, there is a post-yield
hardening zone, and thus, the strength is significantly
increased. Meanwhile, in the plotted curves, the
criterion for calculating the ductility index, according to
literature [28], the displacement is at 85% of the peak
load in the descending branch, and hence, the end point
of the curve does not indicate the failure point, and
simply the curve continues based on the software
output.
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Figure 12. Load-axial displacement curves for column with
various steel cores wrt different S/D ratios: (a) H-shaped
section; (b) Cross-shaped section; (c) Box-shaped section
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Based on the factors affecting the ductility index and
the obtained results, appropriate relationships can be
established for the ductility index of the H-, cross-, and
box-shaped columns as follows:

=

2
4 =[60203+1308.34A 2931 | (%)

®)
+125(A)* +000726(f )* 16 611A._x (%)
S 2
p,  =[55047 +1578.125A — 28131 ]x (BJ
©)
~75(A)* +0.00751(f)* — 20A.f_x (%)
S 2
p, =[69.693+140104A ~3363f |x (7)
Box D (10)

—275(A)* +0.00789(f )* —16.056 A. f_ x (%)

In the above relations, As is the ratio of section steel
area, f; the cylinder compressive strength in MPa, S the
tie spacing, and D is the sectional side in mm. It should
be noted that the above relations are limited to when

€ _o1 f>30Mpa and S_p,. Three steel
B D

percentages of 1, 3, and 5% were assumed in plotting
the axial load-bending moment interaction curves.

A total of six eccentricities, i.e., e/B=0, 0.1, 0.2, 0.4,
0.8, and 2 were chosen to develop each interaction
curve in Abaqus. The generated curves were then
compared with the concrete section without the steel
core. The dimensions selected for plotting the
interaction curves are similar to those of laboratory
specimens, yet differences in types and percentages of
steel core. Figure 13 sketches the axial load-bending
moment interaction curves for the cross-, H-, and box-
shaped sections with three steel core percentage ratios
of A, =1, 3, and 5%. The mentioned curves have been

compared with that of the concrete section without the
steel core for different values of steel core percentages.

It is proved that the interaction curves converge as
for the cross-shaped column specifically at the balance
point for 1 and 3% of steel. However, with increasing
steel percentage to 5%, contours scatter especially at the
balance point. Nevertheless, in the H-shaped column,
the curves are close to each other in the compression-
dominated region for the 3 and 5% of steel, though after
the balance point, in the tension-dominated region, the
curve related to 3% of steel approaches that of the 1%
of steel. On the contrary, contours maintain relatively
identical distances throughout the curve in the box-
shaped section for different steel percentages.

As shown in the figure, the performance of H-,
cross-, and box-shaped columns with As=1% is almost
identical. As the steel percentage rises to As=3%,
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Figure 13. Interaction curves for column with different steel
sections: (a) H-shaped section; (b) Cross-shaped section; (c)
Box-shaped section

columns with H- and box-shaped sections demonstrate
similar performances, whose curves possess more
extensive areas as to the cross-shaped section. However,
there is a shift in the trend as the steel percentage
reaches As=5%. Interestingly, Figure 14 reveals that the
box- and cross-shaped sections are comparable in
performance in the compression- and tension-dominated
regions. Yet, they perform unlike at the balance region,
wherein the cross-shaped section marks a larger balance
point. Furthermore, the H-shaped section sustains lower
bearing capacity in the compression-dominated region
and higher capacity in the tension-dominated zone when
compared to the other two sections.
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Figure 14. Comparison of interaction curves for column with
different steel sections: (a) As=1%; (b) As=3%; (c) As=5%

In order to develop the interaction curves according
to EC4 recommendations and compare them with
numerical results, a specimen with an H-shaped section
with dimensions and steel percentage similar to that of
the laboratory sample was designated. The interaction
curve in this code has been simplified to a polygon
curve, so that in this study, the points required for
plotting the interaction curves were computed based on
the plastic stress distribution equations. The nominal
compressive strength can be expressed by Relation (11):

E
P,=FA+c,. f(A+A, E—s) (11)

C

Based on the plastic stress distribution concept, the

flexural capacity, Mmax, related to the balance point,
which is larger than the pure flexure, can be calculated
as the Relation (12) for the SRC with an H-shaped
section around the strong axis and the reinforcements
laid at both sides. In this case, the column is
simultaneously subjected to bending and axial
compression, and the plastic neutral axis lies at the
center of the cross-section.

1
—C

max: 8

M

4A +
2AfC.AC.h+|:y.AS.d.[ d A”}

8A +4A, 12)

1 ’
5 A, F(h-2d)

In the above relation, A =bh-A A, is the net
concrete area, o —p xt the H-shaped section flange
f f f

area, A =dxt, the web area, d the section height, and d’

is the distance from the centerline of the rebars to the
nearest outer face of the column, Ay and Fys are the
area of reinforcements and their vyield stress,
respectively. The flexural capacity of the section can be
calculated according to the plastic stress distribution
method based on Figure 15. As it is observed, in this
case, the plastic neutral axis is located above the center
of the cross-section. Accordingly, the nominal flexural
strength of the SRC column with an H-shaped section
around the strong axis and with reinforcement placed at
both sides is calculated as the following relations:

if h = A _h—w =
n Ft,= 2
2b-t,)+—2
c.f
2" °¢C
1 h
M :Zcz'fc[p%_Zhn(tw_b>](5_hn)+ (13)

1 ’
S A Fah =209+ F A d =2t )+

d
Fy‘Arv(Z_tfH Fy.tw(hnz +tf2)

h c.f.bh+2F b d-2F .A 4
if 2<h=-2 - < =
2 " 4Fy.b +2c.f b 2
f 2 C
M =£c A .b.(n—h >2+1A F_(h-2d"+ (14)
2 2" ¢C 2 n 2 S oysr
F.A2h +d)+F b (h d. F d h
v f( L+ )+ v f( H—E) + YAN(E_ n)

.F
if h = h_ AR >9 =
2 cz.fc.b 2

1 h 15
M =2, fbG —h) + AFh, + (15)

1 '
S A th-2d)

where hy, is the net height of the H-shaped section.
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Figure 15. Column section for calculating the flexural
capacity

Based on the calculations performed using the
method stated in the code, and with the aid of the above
relationships, as well as considering the numerical
modeling of the experimental specimen, it is confirmed
that the relations derived from the plastic stress
distribution method are in favorably good agreement
with the numerical model. The only conservative
exception is witnessed at the axial compression and part
of the compression-dominated region, which is shown
in Figure 16.

Figures 17 and 18 illustrate the normalized
interaction curves of the column with different section
steel percentages and longitudinal reinforcement. In
these curves, P :ﬁ is the percentage of longitudinal

" bh
A the section steel percentage, Nro
b.h
the pure axial capacity, My, the pure flexural capacity,
and , _ h—2d" |t is noted that these curves reflect the

h

reciprocal influence of the rectangular and the H-shaped
sections around the strong axis, with rebars distributed

reinforcement, , _
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Figure 16. Comparison of the interaction curves for the
column with H-shaped section and steel percentage of
A, =32

1.2

——Psr=0.01

—<—Psr=0.02
0.2 —@— Psr=0.03
. —x— Psr=0.04
—&A— Psr=0.05
0
0 0.5 1 1.5 2 2.5
Mr/Mro
@)
1.2

—<—Psr=0.01
—+—Psr=0.02
0.2 —@— Psr=0.03
—x— Psr=0.04
—&A— Psr=0.05

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Mr/Mro

(b)

—0— Psr=0.01
—+—Psr=0.02
0.2 —@— Psr=0.03
—x— Psr=0.04
—4A— Psr=0.05

0 0.2 0.4 0.6 0.8 1 12
Mr/Mro
. O
Figure 17. Normalized interaction curves for the H-shaped
column in terms of ultimate strength for »=06:

@) p,=001; (b) p, =003; (¢) p, =005

at both sides of the section. In Figure 17, the curves

have been plotted in terms of the ultimate capacity N
N

ro

and M, . As shown in this figure, with increasing steel
M

ro

percentage, the maximum moment corresponding to the
balance point approximately approaches the flexural
capacity of the cross-section, and thus the curves overlie
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Figure 18. Normalized interaction curves for the H-shaped
column in terms of concrete strength for »=06:

(@) p,=001; (0) p, =003; (¢) p, =0.05

for different percentages of longitudinal reinforcement.
This specifies that as the steel core becomes stronger,
the impact of the longitudinal reinforcement on the
flexural capacity of the cross-section is mitigated, which
is not the case for the lower percentages of section steel.
In Figure 18, the normalized curves have been
developed in terms of concrete strength N, and
c,.f.bh

M, . In this figure, as the steel percentage
c,.f,bh’
increases, the curves take a bi-linear form, and the
balance point moment approximates the pure flexural
capacity. By generalizing such curves for different
values of y and rebars positioned at four sides of the
column section, more inclusive curves can be obtained
for the design purpose of these columns.

6. CONCLUSION

The present study aimed to investigate the behavior of
SRC columns subjected to the combination of axial load
and bending moment. The conclusionss were drawn as
follows:

1. As the steel percentage of the cross-section increases,
the ductility index surges such that a rise in the steel
percentage from 1 to 3% and from 3 to 5%,
respectively, escalate the ductility index by 13.6 and
16%. The corresponding values are 8.7 and 5.5% for the
cross-shaped section, and 17.1 and 6.8% for the box-
shaped section.

2. With increasing concrete compressive strength, the
ductility index decreases so that in columns with H-
shaped sections, an escalation in the compressive
strength from 15 to 60 MPa reduces the ductility index
by 38.4%. Such a reduction is 32.4% for the cross-
shaped and 26.2% for the box section.

3. As the lateral tie spacing increases, the bearing
capacity and the ductility index sharply dropped, in such
a way that by varying the spacing ratio from 0.1 to 0.6
for the H-shaped section, the ductility index slumped by
54.6%. The equivalent values are 56 and 51.4% for the
cross-shaped and box-shaped sections.

4. The performance of columns with cross-, H-, and
box-shaped steel cores is akin when A =11 and the

axial load-bending moment interaction curves roughly

coincide.

5. As the steel percentage is raised to o =3y, the box-
S

and H-shaped sections conform in performance. In this
case, the axial load-bending moment interaction curves
retain more extensive areas and higher distances,
compared to that of the cross-shaped section, especially
at the balance point.

6. Each of the studied sections features a distinct
performance at A, =5 such that the box- and cross-

shaped columns are analogous in the compression- and
tension-dominated regions. Yet, they are different in the
vicinity of the balance point in that the cross-shaped
column captures a larger balance point. The column
with an H-shaped steel core gains a lower bearing
capacity in the compression-dominated region, though
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its bearing capacity in the tension-dominated region
excels, as compared to the other two sections.

7. It is perceptible in the normalized interaction curves,
for column with the H-shaped section and p, =001, that

the normalized moment M. | corresponding to the
M

ro

balance point of a section with p, =001 is by 35.4%
larger than that of a section with p,, =005.

8. It is noticeable in the normalized interaction curves,
for column with the H-shaped section and p, =003, that

the normalized moment M. | corresponding to the
M

ro

balance point of a section with p, =001 is by 11.7%
larger than that of a section with p, =005

9. It is visible in the normalized interaction curves, for
column with the H-shaped section and p, =005, that the

normalized moment M, | corresponding to the balance
M

ro

point of a section with p, =001 is by 3.3% larger than
that of a section with p, =005-

10. The normalized interaction curves of short columns
with the H-shaped section and , =06, provide a

straightforward approach in designing the cited
columns, where the generalization of such curves for
various values of y and the reinforcement placed at four
sides of the column would contribute to even more
developed curves.
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