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The sections composed of concrete and steel, which include concrete-encased concrete-filled tubes,
generally have defects due to the low tensile strength of concrete. Therefore, an appropriate method was
used for the combination of concrete-filled tubes (CFT) and prestressing strands which is encased in
concrete. The conventional design guidelines are commonly developed for materials with normal
strength thus further investigation is required to be conducted for sections with high-strength materials.
In order to develop the design process, high-strength concrete and steel have been utilized in this study
to examine the effects of steel and concrete strengths on the core concrete confinement, sectional size
and flexural behavior of high-strength prestressed concrete-encased CFST (HS-PCE-CFST) beams.
Hence, a total of thirteen HS-PCE-CFST beams were modeled via ABAQUS finite element software.
The main variables include the steel tube yield strength, compressive cylinder strength of the core and
outer concrete and the steel tube diameter to section width ratio. Furthermore, experimental results were
employed to verify the finite element model. The bending moment, ductility, flexural stiffness and failure
mode of beams are also examined. The results confirm that among the compressive strength of the outer
and core concrete and the steel tube yield strength, change in the outer concrete compressive strength
has a greater effect on the change of flexural parameters, also increasing the ratio of steel tube diameter
to section width causes a minor increase in the ultimate bending moment and serviceability level flexural
stiffness, but a major escalation in the initial flexural stiffness.
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1. INTRODUCTION

deformation behavior, flexural capacity, and initial
flexural stiffness were similar to those of the CFST

Concrete-encased CFST members are widely used in
high-rise buildings and bridges throughout the world due
to their cost-effectiveness and advantages, including
more confinement of in-filled core concrete, higher
stiffness, and ultimate strength, enhanced durability and
ductility, smaller sectional size, proper fire resistance
owing to the presence of outer RC compared to bare
CFST sections, prevention of local buckling and
corrosion of the steel tube, and more convenient
connections to steel or RC beams [1-4].

According to experimental and analytical research
conducted by An et al. [5] on the performance of
concrete-encased CFST, and it was realized that the
flexural capacity of cross-section slightly increased
compared to conventional RC beams. However, load-
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beams. Han et al. [6] conducted an experimental and
analytical investigation on the performance of large-scale
concrete-encased CFST box members under bending
(two CFSTs were placed at each of the top and bottom of
the cross-section) and showed that the flexural
performance of concrete-encased CFST box members
was improved.

Since 1960s, pre-stressed concrete (PC) members
have been used in building structures and infrastructure
facilities due to their advantages such as higher quality,
more economic efficiency, shorter span of construction,
and more durable aesthetics [7]. Christopher and Tuan [8,
9], and Deng et al. [10] discussed the effect of post-
tensioning on the flexural behavior of concrete-filled
circular steel tube sections. The results demonstrated a
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considerable increase in the flexural capacity of section
due to exerting post-tensioning force to the concrete core.
The results of experimental and analytical studies of
Zhan etal. [11] on the behavior of rectangular prestressed
CFST beams showed that prestressed strands can
increase the confinement effect on the concrete core
subjected to bending, and thus improve the performance
of CFST beams having prestressed concrete in terms of
strength, stiffness, and ductility.

Carrying out an experimental program, Xiong et al.
[12] studied the behavior of CFSTs with ultra-high-
strength concrete and high tensile steel at ambient
temperature under flexural loads. For this purpose, high
tensile steel up to 780 MPa and ultra-high compressive
strength concrete up to 180 MPa were used. The results
underlined that if high tensile steel and ultra-high
compressive strength concrete are used in CFST
members, the plastic flexural strength of cross-section
can be achieved. Moreover, safety design
recommendations were proposed to determine the
flexural resistance of these members by comparing the
experimental results with those of analyses based on
Eurocode 4 [13]. Javed et al. [14] performed a numerical
study to examine the behavior of CFSTs with square or
rectangular cross-sections with high- and normal-
strength concrete. The parametric study was followed to
determine the depth-to-thickness ratio, compressive
strength of core concrete, shear span-to-depth ratio,
depth-to-width ratio, and yield strength of steel tube on
the flexural behavior of rectangular and square CFST
members. They found that the depth-to-thickness ratio,
yield strength of steel tube, and the height-to-width ratio
had significant effects on the ultimate capacity of CFST
beams. The effects of shear span-to-depth ratio and the
strength of in-filled concrete were marginal. According
to results of parametric studies and available
experimental data, they finally concluded that GB50936
[15] is more precise and thus unsafe for low-strength core
concrete, through examining the veracity of existing
design methods within EC4 [13], GB50936 [15], AISC
[16] and CIDECI [17] codes. Thereby, EC4 (2004) code
was proposed to be safe.

There has been extensive research on the compressive
behavior of members including CFST and RC elements,
but the flexural and shear behavior of these members
have not been subject to a comprehensive study.
Available studies on concrete-encased CFST members
are scarce. In these studies, CFST elements have been
placed in the center, tension zone, or compression zone.
The placement of CFST elements in the compression
zone created confined high-strength compressive
elements and increased the flexural performance of the
concrete-encased CFST  members.  Additionally,
available research on pre-stressed CFST beams is also
limited. The strands have been placed internally or
externally in the center or in the tension zone. According

to these studies, the presence of the pre-stressed strands
increases the flexural capacity of the section, especially
in the tension zone.

In this study, by placing CFST elements in the
compression zone and placing pre-stressed strands in the
tension zone of a reinforced concrete beam, a novel
concept called pre-stressed concrete-encased CFST
beams were introduced to a combination of concrete-
encased CFST and pre-stressed strands in order to exploit
the properties of both the CFST and the pre-stressed
strands. The main objective of the combination of steel
tubes and pre-stressed strands is to increase the
compressive strength of the core concrete by creating tri-
axial stress on the one hand and controlling the crack of
the concrete in the tension zone on the other hand.

Research in the field of CFSTs with high-strength
materials is inconsiderable, though it is expected that
high-strength materials, incorporated in CFSTSs, provide
elevated bearing capacity and more benefits.
Furthermore, there is no investigation on the prestressed
concrete-encased CFST beams with high-strength
materials and the design guidelines regarding CFSTs
target materials exist only for normal strength ones. For
instance, in Chinese code, a range of 25 to 70 MPa is
defined for the concrete compressive cylinder strength
and a range of 235 to 420 MPa for the yield strength of
steel tube. These ranges in Eurocode are 20 to 50 MPa,
and 235 to 460 MPa, respectively for the compressive
cylinder strength of concrete and yield strength of steel
tube. Likewise, ranges of 21 to 70 MPa and 21 to 42 MPa
are determined for normal-weight and lightweight
concretes respectively, and 525 MPa for the maximum
yield strength of steel tube by AISC. Therefore, extensive
investigation on the behavior of these beams with high-
strength materials is needed. Consequently, in order to
develop the design code in this research, the flexural
behavior of PCE-CFST beams with high-strength
concrete and steel for the first time was studied. Also, the
results reported by Rahmani et al. [18] were used to
verify the nonlinear finite element modeling. Moreover,
the effects of yield strength of steel tube, compressive
cylinder strength of the core and outer concrete, and the
steel tube diameter-to-section width ratio on the
confinement of core concrete, cross-sectional size,
ultimate flexural moment, stiffness, ductility and failure
mode of the beams were studied and compared.

2. SUMMARY OF EXPERIMENTAL INVESTIGATION

Rahmani et al. [18] performed an experimental study on
the prestressed self-compacting concrete-encased CFST
with six experimental specimens so that four specimens
included CFST element in the compression zone and pre-
stressed strands in the tension zone, one specimen
included CFST element in the compression zone and pre
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stressed strands without pre-stressing force. The final
specimen only included pre-stressed strands in the
tension zone (lacking CFST elements in the compression
zone) so that the steel tube of specimen was replaced with
six longitudinal bars with a diameter of 8 mm, spiral
stirrups with a diameter of 8 mm and 200 mm spacing.
The tested parameters included the eccentricity of the
pre-stressed strand (which is the distance of the center of
the strands to the center of the section), pre-stressing
force, and the diameter-to-thickness ratio of the steel
tube. All the specimens have three longitudinal bars with
a diameter of 25 mm in tension zone (bottom level),
elasticity modulus of 2.21x105 MPa, yield stress of
500MPa and the ultimate stress of 656MPa, two pre-
stressed strands with a diameter of 15 mm (0.6 inch) in
tension zone (top level), elasticity modulus of 2.06x10°
MPa, yield stress of 1674MPa and the ultimate stress of
1860MPa and stirrups with a diameter of 8 mm and 100
mm spacing, elasticity modulus of 2.17x10° MPa, yield
stress of 350MPa and the ultimate stress of 490MPa.
Also, the steel tube with a diameter of 47 mm and
thickness of 2mm has the elasticity modulus of 2.01x10°
MPa, the yield stress of 330MPa and the ultimate stress

of 395MPa. These amounts for the steel tube with a
diameter of 50 mm and thickness of 1mm were 2.19x10°
MPa, 270MPa, and 325MPa, respectively. The center-to-
center distance of the pre-stressed strands level from
longitudinal bars level was 68 mm and 95 mm. Detailed
information for size, geometry, steel tube, rebar, and
strand placement in cross-sections are depicted in Figure
1. The applied concrete was self-compacting concrete
(SCC). After 28 days, a compressive cylinder strength of
60.5 MPa, a tensile strength of 4.35 MPa, and an
elasticity modulus of 35321 MPa were obtained. To
determine the strain of beam and the in-plane
displacements, strain gauges at the mid-span section of
each specimen and LVDTs at the mid-span section of
each specimen and Perpendicular to the longitudinal
direction of the beam respectively were attached as
shown in Figure 1. Also, the support settlements were
measured by attaching two LVDTSs under both supports.

The beams had pinned supports and were tested under
bending by a 600 kN capacity universal testing machine.
A 4-point loading and displacement control with a rate of
2.5 mm/min was applied to the specimens. The strain,
load, and displacement were automatically recorded. The

TABLE 1. Specimen information and Results of Experimental [22]

Effective prestressing force

Strand eccentricity

Specimens ~ dand d . of steel tube (KN) ased M (kN.m) Ly K(KN/m)
TOPLEL 0 150 57 155.24 1 39951.63
TIPIEL 47,235 150 57 187.69 112 36440

T2P1EL 50, 50 150 57 182.13 111 3043555
TLPOEL 47,235 0 57 148.75 1 17915.79
T1P2E1 47,235 220 57 198.10 113 36652.80
TIP1E2 47,235 150 30 176.72 114 3034111

. Rigid beam
Specimen-
A \

\ =
=\ Strain gauge L/Loadcell

& A i
LVDT-
100- 750 800 750 ~100

T O Stirrup Rebar—f{— O Stirrup

300 Spiral stirrup—{ 300
. | —Rebar - | —Rebar
Strand—1~, Strand—11

—200— —200—
Sec A-A Sec: A-A
(a) (b)

Figure 1. Overview of test arrangement and dimension of
test specimens (unit: mm) a) T1POE1, T2P1E1, T1P1EZ2,
T1P2E1, T1P1E1 specimens, b) TOP1E1 specimen [18]

ultimate flexural capacity (m ), the displacement

ductility ( 4, ) and flexural stiffness ( K ) is summarized

in Table 1. The ultimate flexural capacity was also
measured based on the failure moment of the section so
that after that, the section could not tolerate the load. The
displacement ductility ( z, ) is defined as the ratio of the

displacement at an ultimate load without loss of the load

(A,) to the displacement when the longitudinal rebar

first reaches the yield strength (Ay ). The flexural

stiffness is defined as the slope of a P-un curve in the
elastic stage.

The results showed that the pre-stressed strands
increased the effect of confinement on the core concrete
and improved the bearing capacity, ductility and flexural
stiffness of prestressed concrete-encased CFST. Also, the
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steel tube that replaced the longitudinal bars improved
the bearing capacity and ductility, while they did not
significantly affect the bending stiffness. Finally, it was
shown that the eccentricity of the pre-stressed strands
increased the bearing capacity and bending stiffness in
RC beams.

3. FINITE ELEMENT MODELING

The flexural performance of prestressed concrete-
encased CFST beams with high-strength concrete and
steel was analyzed using nonlinear finite element models
in ABAQUS software [19], as shown in Figure 2. In the
nonlinear analysis, convergence is easier to obtain by
applying the load thru controlling deflection, so that for
all cases, the deflection-controlled load was slowly
increased until reaching the ultimate capacity of the
beam.

3. 1. Material Constitutive Models

3. 1. 1. Steel Tube, Rebar, and Prestressed Strand
Numerous stress-strain models, including elastic-plastic,
elastic-perfectly plastic with linear hardening or multi-
linear hardening for steel tubes and rebars are available
in the literature. However, the effects of using various
stress-strain models on the ultimate strength and behavior
of HS-PCE-CFST beams is negligible. In this study, an
elastic-plastic model with linear hardening was
assimilated to establish the stress-strain relationship of

Outer un-confined
concrete

Core concrete

~
~

Steel tube

Outer confined
concrete

Loading

Loading Plate

Figure 2. FE modeling of HS-PCE-CFST beams

the steel tube, where the strain hardening modulus was
considered as to be (go5E, (in which E is the elastic

modulus of steel) [20]. Also, the steel tube yield strength
between 345-740 MPa and ultimate strength of the steel
tube between 448-843 MPa is considered.

Furthermore, the bi-linear stress-strain  model,
proposed by Zhao [21], was implemented to signify the
stress-strain relation of the rebar. The yield and ultimate
strength of longitudinal rebar are considered 400 and 600
MPa, respectively. These numbers are equal to 235 and
350 MPa for the stirrup. It should be noted that Young's
modulus and Poisson's ratio of the longitudinal bar and
steel tube were equal to 200,000 MPa and 0.3,
respectively.

To accurately estimate the experimental curve that
resembled two straight lines connected by a curved knee,
the Ramberg-Osgood curve can be utilized. Therefore, in
order to describe the behavior of prestressed strand, the
bi-linear stress-strain elastic-plastic model, proposed by
Ramberg-Osgood, was adopted. The first almost straight
portion of this curve is asymptotic to the inclined dotted
straight lines with a slope of E/ at the origin. The E’,

modulus (which is slightly larger than E , ) is determined

such that the Ramberg-Osgood curve matches the elastic
straight line (with the slope of E ) at the point 0.7f , and

thus the curvature of the knee is regulated using the shape
parameter (constant m, equal to 4) [22]. Also, the
prestressing strand with Grade 270 is used.

3. 1. 2. Concrete In this study, concrete with a
compressive strength of less than 70 MPa and concrete
with a compressive strength of more than 70 MPa were
respectively considered as normal- and high-strength
concretes. The admissible range of Poisson's ratio for
concrete with normal strength is between 0.15 and 0.25,
which is generally assumed to be 0.2 in the analyses.
According to studies, Logan et al. [23] determined that
the average Poisson's ratio of high-strength concrete is
equal to 0.17, however, the use of 0.2 for high-strength
concrete is suggested to be acceptable up to strength 124
MPa. Therefore, in this study, the Poisson's ratio of 0.2
was considered for all concretes.

In order to model the nonlinear behavior of concrete
in the ABAQUS software [19], the concrete damaged
plasticity (CDP) was used, which takes advantage of the
isotropic damaged plasticity concept [19]. In the CDP
model, the default values of 0.1 for the flow potential
eccentricity, 0 for the viscosity parameter, 1.16 for the
ratio of compressive strength under biaxial loading to
uniaxial compressive strength (¢ _ f. ¢ ), and 0.67 for

ratio of the second stress invariant on the tensile meridian
to that on the compressive meridian (K ) were used. The

dilation angle (V) was assumed to be 36 degrees, once
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calibrated with experimental results. As can be seen in
Figure 2, due to different confinement conditions,
concrete is categorized into three parts of outer un-
confined, outer confined, and the core concrete of CFST.
Then, the uniaxial stress-strain model recommended by
Hognestad [24], Han et al. [25], Elchalakani et al. [26],
and Han et al. [27] were respectively applied to outer un-
confined, outer confined, core concrete of CFST in
beams with normal-strength concrete and CFST core
concrete in beams with high-strength concrete, within the
nonlinear finite element model.

3. 2. Steel-concrete Interaction In order to
introduce the contact of steel tube with the core and outer
concrete in the normal direction, hard contact interaction,
and Mohr-Coulomb friction model in the vertical
direction were defined using the surface-to-surface
contact in ABAQUS. Such contact requires a pair of
master and slave surfaces, in which the slave surface
needs to be from softer material and finer mesh,
compared to the master surface so as to reduce numerical
errors [19]. Therefore, concrete surfaces were considered
to be a slave, and steel tube surfaces as a master. It is
worth mentioning that in the Mohr-Coulomb friction
model, a relative slip is formed between the surfaces until
the stress exceeds the shear stress limit (i.e. the bond
stress, 7,4 )- When the relative slip is formed, the shear

force was calculated by a friction coefficient and the
contact pressure. The friction coefficient was taken to be
0.4 in this study, once calibration was performed with
experimental results [5].

3. 3. Mesh and Elements Description Loading
plates, supports, and concrete components were modeled
using 8-node solid elements with reduced integration;
rebars and prestressed strands with the 2-node truss
elements; and steel tubes with the 4-node conventional
shell (S4R) elements. Embedded element technique was
used to model the contact of rebar and prestressed strands
with concrete in ABAQUS. In this method, a region of
the model can be embedded within a host region of the
model, such that the degrees of freedom of the embedded
region is constrained to the interpolated values of the
corresponding degrees of freedom of the host element.
Thus, the rebars and prestressed strands are considered to
be fully coupled with the concrete, and the interaction
between steel and concrete is calculated by the software.
In order to convergence in the analysis and reduce the
computational time, by performing a trial and error,
meshes of size 60 and appropriate partitions were
selected according to Figure 2.

3. 4. Loading and Boundary Conditions
According to Figure 1, the boundary conditions were
applied as simple supports. The beams were loaded in

two steps. In the first step, the initial prestressing was
simulated by means of applying a concentrated load in
the prestressed strand, and in the second step, the 4-point
external loading was simulated by applying a deflection
to the loading plates, in that the deflection at mid-span of
the model is equal to deflection in the middle of the
experimental specimen (as shown in Figure 2). The
loading plate was assumed to be a rigid block with a
stiffness sufficiently large, whose deformation can be
ignored.

4. VERIFICATION OF FE MODEL

The finite element model developed in this study is
verified using the experimental data of prestressed
concrete-encased CFST. The verification is performed
for the prestressed concrete-encased CFST that were
experimentally examined by Rahmani et al. [18]. So,
T1P1E1 specimen is used, which its details have shown
in section 2. The rest of the modeling specification is also
applied in the ABAQUS software based on section 3.
Figure 3 shows a comparison between the curve of
moment-displacement at the mid-span of the
experimental and numerical specimen. A good
agreement was obtained between experimental and
numerical results for TLP1E1 specimen. Figure 4 shows
a comparison between experimental and numerical
results of concrete cracking and failure mode of TIP1E1
specimen. The failure was failure shear-flexural failure
combined with concrete crushing in compression (shear-
compression failure). Concrete cracking was established
by the maximum principal plastic strain in the FEA
model and the cracks are perpendicular to the orientation
of the maximum principal plastic strain. In general, a
good agreement was found between the experimental and
numerical specimens in terms of the crack distribution of
concrete. Also, Figure 5 shows the curve of the moment

240
200

160

120

M (kN.m)

80

40

e Predlicted (T1P1ET)
----- Measured (TIPIEI)

10 15 20 25 30

u,_ (mm)
Figure 3. Comparison of predicted and measured [18] M-um
relations
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Figure 4. Comparison of failure modes between predicted
and test specimens [18]

versus extreme compression fiber strain of concrete in the
mid-span for the above specimen experimentally and
numerically that a good agreement between the obtained
results.

5. PARAMETRIC STUDY

In this section, a parametric study is carried out to
investigate the effects of steel tube yield strength (f..)
ys

(345, 435, 525, 630, 740 MPa), compressive cylinder
strength of the core (Fovcore ) and outer concrete (fouou )

(60, 70, 80, 90 MPa), and the steel tube diameter to
section width ratio (0.2, 0.3, 0.4) on the flexural behavior
of HS-PCE-CFST beams. These beams were classified
into four groups, details of which are given in Table 2.
All beams have a width of 500 mm, a height of 800 mm,
a length of 10,000 mm, and a shear span of 3100 mm.
The beams have seven longitudinal bars with a diameter
of 25 mm in the tension zone (bottom level) and a yield
strength of 400 MP, five prestressed strands with a
diameter of 15 mm (0.6 in), and Grade 270 in the tension
zone (top level) with 10-mm diameter stirrups with
spacing of 150 mm and a yield strength of 235 MPa. In
addition, the steel tube with a diameter of 100 mm, a
thickness of 2 mm, and a yield strength of 345 MPa was

240
200

160

120
80 Z
40
Predicted (T1P1E1)
gl e Measured (T1P1E1)

0 1000 2000 3000 4000

M(kN.m)

€, (ue)
Figure 5. Comparison of predicted and measured M-¢,
relations [18]

TABLE 2. Specimen information

Specimens fcu,out fcu,core f ys d_
(MPa) (MPa)  (MPa) B
HS-PCE-CFST1-1 60 60 345 0.2
HS-PCE-CFST1-2 60 60 345 0.3
HS-PCE -CFST2-1 60 60 345 0.4
HS-PCE -CFST2-2 70 60 345 0.4
HS-PCE -CFST2-3 80 60 345 0.4
HS-PCE -CFST2-4 90 60 345 0.4
HS-PCE -CFST3-2 60 70 345 0.4
HS-PCE -CFST3-3 60 80 345 0.4
HS-PCE -CFST3-4 60 90 345 0.4
HS-PCE -CFST4-2 60 60 435 0.4
HS-PCE -CFST4-3 60 60 525 0.4
HS-PCE -CFST4-4 60 60 630 0.4
HS-PCE -CFST4-5 60 60 740 0.4

placed in the compression zone of the section. The
concrete cover was 50 mm and the distance from the
center of prestressed strands to the longitudinal bar level
was 95 mm. Each of the strands was prestressed with a
force of 150 kN.

5. 1. Flexural Behavior The moment-curvature
curves of beams are presented in Figures 7-10. According
to the curves, the ultimate flexural capacity, flexural
stiffness and the curvature ductility of the beams are
determined, as shown in Table 3. The effects of various
parameters are investigated in the following sections.

5. 1. 1. Failure Mode Figure 6 demonstrates
concrete cracking for all beam. As it is observed, all
beams fail in flexure mode. At first, the bending cracks
are formed within the tension zone and pure flexural
span. With the extension of these cracks, small diagonal
cracks appear in the shear span. As the loading increases,
the depth of bending cracks increase and once the
concrete is crushed in the compression zone, flexural
failure is observed at the vicinity of the concentrated
load. In the nonlinear finite element model, concrete
cracking is established thru maximum principal plastic
strain and the cracks are perpendicular to the orientation
of such strain. The ultimate bending moment (M),

shown in Table 3, corresponds to the maximum
compressive strain of the concrete (0.0035).
Ductility is defined as the ability to sustain

deformation without a significant reduction in flexural
capacity [28]. Curvature ductility, o is defined as the

ratio of “curvature at ultimate strength when the strain at
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Figure 6. The failure mode of specimens

extreme compression fiber of concrete reaches the
maximum compression strain, ¢, to the curvature when

the longitudinal reinforcement first reaches the yield
strength, ¢, ”.

Flexural stiffness is an important parameter in
determining the buckling capacity of a member and
evaluating elastic deformations and internal forces of a
structure [29]. In this section, two types of flexural
stiffness are investigated. The first is the initial flexural
stiffness, K, which is defined with regard to secant

stiffness corresponding to a moment equivalent to 0.2 of
the ultimate moment [30]. The second is the
serviceability level flexural stiffness (elastic-plastic
stiffness), K, corresponding to the secant stiffness at a

moment equivalent to 0.6 of the ultimate moment [31].
The values of initial flexural stiffness and serviceability
level stiffness for all beam specimens are presented in
Table 3.

5. 2. Effect of Compressive Strength Of Concrete
In order to assess the influence of compressive cylinder
strength of the outer concrete on the behavior of HS-
PCE-CFST beam, compressive cylinder strengths of 60,
70, 80 and 90 MPa were studied. The moment-curvature
curve of the beams is illustrated in Figure 7. The beams
with a compressive cylinder strength of the outer
concrete of 60-80 MPa have five characteristic points.
Point A, is the starting point of concrete cracking in the
tension zone. Point B denotes the outset of longitudinal
bar yielding. Point C represents the beginning of steel
tube yielding in the compression zone. Point D signifies
the onset of stirrup yielding, and point E is the point at
which strain at extreme compression fiber of concrete
reaches the compression failure strain. On the other hand,
beams with the concrete compressive cylinder strength of
90 MPa have six characteristic points, in which the fifth
point indicates the onset of prestressed strand yielding
after the start of stirrup yielding and before of the point
corresponds to the ultimate tensile strain of concrete.

As shown in Figure 7 and Table 3, with increasing
compressive cylinder strength of the outer concrete,
increase in the ultimate flexural capacity of cross-section,
initial flexural stiffness, and serviceability level flexural
stiffness is observed. However, sections with higher
compressive strength of the outer concrete, as compared

TABLE 3. Results of flexural capacity, curvature ductility, and
stiffness

Specime. L GNm) 4, K,(N.m?) K (N )
glg-s}?rcil-zi 2102.43 2.10 1011029.09 491194.44
NS PCE 215376 293 10125739 50151589
EIE-S}?I%I-E:[ 2163.26 3.00 1013231.82 512618.48
EIE-SE’I%I-EZ- 2305.02 2.75 1134081.18 542517.56
EIE-SEI%E; 2422.63 2.25 1227321.31 569112.28
AoPCE 251673 221 128535495 60050704
noPCE 217155 302 101950469 51580701
NSPCE, 217841 303 102033489 51468754
AP 218815 308 102249766 51425382
gﬁ-sl?ril_zz- 2176.02 211 1007540.63 491151.46
NSPCR, 23738 210 10133657 49152572
ASPCE 220846 216 100807449 48985230
gﬁ-sl?r(il_zé 2353.16 211 1012009.16 491483.54

to normal compressive strength, demonstrate lower
ductility, which is due to the effect of confinement
generated by the stirrups. Chen [32] found similar results,
stating that with increasing compressive strength of the
outer concrete, the steel tube is further encased from the
outside, and thus its outward buckling is prevented.
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Figure 7. Comparison of M-¢ relationships for different
compressive strengths of the outer concrete
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Four types of compressive cylinder strength (60, 70, 80,
90 MPa) were considered for the core concrete in order
to investigate the effect of compressive strength of core
concrete on the HS-PCE-CFST beam behavior. The
moment-curvature curve of these beams is shown in
Figure 8. All beams have five characteristic points. Point
A, is the starting point of concrete cracking in the tension
zone. Point B denotes the outset of longitudinal bar
yielding. Point C represents the beginning of steel tube
yielding in the compression zone. Point D signifies the
onset of stirrup yielding, and point E is the point at which
strain at extreme compression fiber of concrete reaches
the compression failure strain. As highlighted in Figure 8
and Table 3, these beams exhibit similar flexural
behavior. It can be stated that the compressive strength of
the core concrete has no influence on the ultimate
moment, initial and serviceability level flexural stiffness,
and ductility. Therefore, it is inferred that the ultimate
flexural strength, ductility, and the flexural stiffness of
HS-PCE-CFST beams is governed by changing the
mechanical properties of the outer concrete; while the
flexural behavior of these beams is not affected by
mechanical properties of the outer concrete. It should be
noted that the steel tube increases the confinement of the
core concrete and its compressive strength so that low
compressive strength can be used for core concrete, and
change its strength does not have much effect on the
flexural capacity of the section. Moreover, based on the
studies conducted by Javed et al. [14] on the behavior of
CFSTs with high-strength concrete, it was witnessed that
increase in the compressive strength of the core concrete,
augmented the steel tube confinement, and consequently,
the inward buckling of the steel tube is further controlled.
Also, they found that the ultimate flexural strength and
ductility of the CFST beams could be controlled by
varying mechanical properties of the core concrete.

5. 3. Effect of Steel Tube Yield Strength  The effect

of steel tube yield strength on the flexural behavior of the
HS-PCE-CFST beams was investigated thru 5 types of
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Figure 8. Comparison of M-¢ relationships for different
compressive strengths of core concrete

steel tube yield strength (345, 435, 525, 630, 740 MPa).
The moment-curvature curve of the beams is sketched in
Figure 9. It was observed that the beam with a steel tube
yield strength of 345 MPa has five characteristic points,
as described in section 5.2. However, the steel tube does
not yield with increasing its yield strength, and hence the
remaining beams have four characteristic points. Table 3
explains that with increasing steel tube yield strength by
114%, the ultimate bending moment of cross-section
increases by 8%, which is, firstly, due to the increased
confinement generated by the steel tube with higher
strength, and secondly, because of an increase in the
strength of steel tube. On the contrary, a rise in the
strength of steel tube has no effect on the ductility and
stiffness of these beams. The outer concrete, by encasing
the steel tube, prevents the outward buckling of the steel
tube. Also, the core concrete prevents the inward
buckling of the steel tube. As a result, thin-walled steel
tubes can be used in the Hs-PCE-CFST beams and the
effect of steel tube yield strength is negligible. Similar
results have been reported by Javed et al. [14] for the
CFST members.

5. 4. Effect of E Ratio Three values of 0.2 to 0.4

B
were considered for the ratio of steel tube diameter to
section width (%) in the HS-PCE-CFST beams to

examine the effect of this parameter on the flexural
behavior of these beam types. The moment-curvature
curve of the beams is depicted in Figure 10. All beams
have five characteristic points, as described in section
5.2. According to Figure 10 and Table 3, with increasing

of % ratio by 100%, the ultimate bending moment,

initial flexural stiffness, and serviceability level flexural
stiffness respectively increase by 3, 22 and 4.4%.
Therefore, it is perceived that the section dimensions can
be reduced by increasing the diameter of the steel tube.
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Figure 9. Comparison of M-¢ relationships for different
yield strengths of steel tube
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6. CONCLUSION

In this study, high-strength concrete and steel were used
to investigate the flexural behavior of HS-PCE-CFST
beams in order to extend the design codes. For this
purpose, a total of 13 HS-PCE-CFST beams were
modeled by varying compressive cylinder strength of the
core and outer concrete, steel tube yield strength, and
ratio of steel tube diameter to section width via ABAQUS
software. The ultimate bending moment, failure mode,
flexural stiffness, and ductility were also investigated. It
was noticed that all beams have flexural failure modes.
An increase in the compressive cylinder strength of the
outer concrete by 50%, leads to an increase in the
ultimate flexural capacity of the section by 16%, the
initial flexural stiffness by 27%, and the serviceability
level flexural stiffness by 17%, as well as a reduction in
the section ductility. It was also discerned that
compressive cylinder strength of the core concrete has no
influence on the ultimate flexural capacity, initial flexural
stiffness, serviceability level flexural stiffness and
ductility of the section. Therefore, in HS-PCE-CFST
beams, we can use core concrete with low compressive
strength. Furthermore, varying the yield strength of steel
tube from 345 to 740 MPa slightly increases the ultimate
bending moment of cross-section, while it does not affect
the section ductility and flexural stiffness. Also, no
inward and outward buckling of the steel tube was
observed due to the confinement provided by the outer
concrete and the support provided by the core concrete.
So thin-walled steel tubes or steel tube with low strength
can be used in these sections. By changing the ratio of
diameter to section width from 0.2 to 0.4, the ultimate
bending moment and serviceability level flexural
stiffness increase marginally, but the initial flexural
stiffness is significantly elevated (22%). As a result, the
compressive cylinder strength of the outer concrete has a
noticeable effect on the flexural behavior of the HS-PCE-
CFST beam, but in contrast, the compressive cylinder

strength of the core concrete has no contribution.
Consequently, it was concluded that by increasing the
diameter of the steel tube as well as the strength of
materials, section dimensions can be reduced. Moreover,
due to the effect of strength on the behavior of these beam
types, different relationships should be calculated for the
design of these beams with normal- and high-strength
materials.
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