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Abstract. The tube outward local buckling of Concrete-Filled Steel Tube (CFST) beam under high compression stress is still
considered a critical problem, especially for steel tubes with a slender section compared to semi-compact and compact sections.
In this study, the flexural performance of stiffened slender cold-formed square tube beams filled with normal concrete was
investigated. Fourteen (14) simply supported CFST specimens were tested under static bending loads, stiffened with different
shapes and numbers of steel stiffeners that were provided at the inner sides of the tubes. Additional finite element (FE) CFST
models were developed to further investigate the influence of using internal stiffeners with varied thickness. The results of tests
and FE analyses indicated that the onset of local buckling, that occurs at the top half of the stiffened CFST beam’s cross-section
at mid-span was substantially restricted to a smaller region. Generally, it was also observed that, due to increased steel area
provided by the stiffeners, the bending capacity, flexural stiffness and energy absorption index of the stiffened beams were
significantly improved. The average bending capacity and the initial flexural stiffness of the stiffened specimens for the various
shapes, single stiffener situations have increased of about 25% and 39%, respectively. These improvements went up to 45% and
60%, for the double stiffeners situations. Moreover, the bending capacity and the flexural stiffness values obtained from the
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experimental tests and FE analyses validated well with the values computed from equations of the existing standards.
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1. Introduction

The composite members known as the Concrete-Filled
Steel Tube (CFST) are increasingly adopted in two-point
projects (Han et al. 2014). In addition to the ductility and
strength capacity improvements, they can reduce the cost of
a project by reducing the construction time, the amount of
workmanship and eliminating the cost of formworks. In the
last two decades, several studies have extensively
investigated the performance of CFST columns regarding
the type of infill material, the compressive strength of
concrete, steel tube shapes, double skin tubes and the type
of loading (dynamic or static). Examples of such studies are
presented by (Han et al. 2001, Han et al. 2006a, Yang and
Han 2006, Bahrami et al. 2011, Qian et al. 2011, Bahrami et
al. 2012, Abdalla et al. 2013, Yang and Ma 2013, Yang
2015, Hassan et al. 2016, Ekmekyapar and Al-Eliwi 2017,
Chen et al. 2018, Liang et al. 2018, Lu et al. 2018, Lu et al.
2018, Hosseinpour et al. 2018).

To identify whether the tubular cross-sections are liable
to local buckling or not, several design standards of tubular
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steel members provide steps to classify their cross-sections
into different groups. This classification is dependent on the
dimensions, thickness and the yielding strength of steel tube
section. The Eurocode 3 for the Design of Steel Structures
(EC3 (2002)) has classified these tubular sections as Classes
1, 2, 3 or 4. Meanwhile, both of the American Institute of
Steel Construction (AISC (1999)) and Australian Standard
(AS 4100 (1998)) have classified these tubular sections as
Compact, Non-compact or Slender (Zhao and Jaspart 2005).

Typically, in a CFST composite system, the infill
concrete material can sufficiently prevent the inward local
buckling failure that occurs in the steel tube’s wall when it
is subjected to high compression stress. However, it cannot
prevent outward local buckling (Han et al. 2014).
Increasing the steel tube thickness to avoid such a
phenomenon is considered an uneconomic solution since
the self-weight of steel material will increase accordingly.
Thus, researchers have investigated the influence of using
additional steel stiffeners for the steel tubes of CFST
columns that have sufficient embedded length for bonding
with the concrete core (Huang et al. 2002, Tao et al. 2007,
Chen and Jin 2010, Bahrami et al. 2011, Lee et al. 2011,
Bahrami et al. 2013, Bahrami et al. 2014, Ling et al. 2014,
Hilo et al. 2015, Zhu et al. 2017, Liang et al. 2018, Zhang
et al. 2019, Yuan et al. 2019). Providing these stiffeners
demonstrated that they could perfectly restrict the tube’s
outward local buckling, which leads to a substantial
increase in the CFST column’s capacity.
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Furthermore, for unstiffened CFST composite beams
that are subjected to a pure flexural loading, the outward
tube’s local buckling typically occurs at the top half of the
beam’s cross-section (the zone with high compressive
stress), which is highlighted in several studies (Helena and
Knight 2005, Han et al. 2006b, Guler et al. 2012, Jiang et
al. 2013, Sundarraja and Prabhu (2013), Han et al. 2014,
Wang et al. 2014, Wang et al. 2014; Al-Zand et al. 2017,
Zhu et al. 2017, Lu et al. 2017, Al Zand et al. 2018, Javed
et al. 2018, Song et al. 2019). According to studies in which
the performance of CFST beams was investigated, the
outward local buckling failures in steel tubes that have a
cross-section classified as a compact section (Class 1) are
highly limited compared to the thinner tube sections which
are classified as semi-compact and slender sections (Class 2
to 4). To date, very limited researches have been conducted
concerning the stiffening performance of the steel tubes of
CFST beams, which is required for preventing or delaying
outward local buckling failure. For example, Kang et al.
(2007) have investigated the use of mechanical interlocking
stiffeners to improve the composite action between the
circular steel tube and the concrete core, which were
applied along the inner face of the steel tube and have
effectively improved the loading capacity and ductility of
the tested CFST beams. Recently, the performance of
square CFST beams that are externally retrofitted from
either the bottom side only or from the top and bottom sides
by flat steel plates (connected by mechanical bolts) was
experimentally studied by AL-Shaar and Go6giis (2018). The
moment capacities of the retrofitted CFST beams from both
the top and bottom sides were enhanced by about 45%.

However, the above existing studies have only
investigated the stiffening performance of CFST beams that
have compact and semi-compact tube sections, whereas,
stiffening the CFST beams with a slender tube section has
not yet been investigated. Slender steel tubes are cheaper
than compact sections. Even though there will be additional
cost coming from the steel stiffeners, on the overall, but still
this is more economical than increasing the steel tube cross-
sectional area. This is due to the stiffeners’ ability to control
the steel buckling failure, and hence resulting in a higher
loading capacity for the CFST member (Zhu et al. 2017).

Therefore, the current study investigates the influence of
using internal steel plate stiffeners that can delay or restrict
the local buckling of slender cold-formed steel tubes that
are filled with normal concrete (CFST beams). These newly
suggested stiffeners should be provided at each inner side of
the tube’s cross-section with various shapes (I, T and V) and
number (single and double), and expected to be sufficiently
bonded with the concrete of the CFST beams. Varied
stiffened CFST specimens with a high w/t ratio were tested
under four-point loading, included two (2) specimens tested
without stiffening action, which can are considered as
control specimens. Finite element (FE) analyses were
adopted to develop additional CFST models using the
ABAQUS software in order to investigate another
parameter that was not experimentally investigated. The
failure modes, energy absorption capability, flexural
stiffness and bending capacity of the tested CFST beams are
extensively discussed in this study. Furthermore, the

bending capacity and the flexural stiffness values obtained
from the current test and FE analyses validated with the
computed values using the existing theoretical methods and
code standards.

2. Experimental work
2.1 Numerical simulation procedure

Fourteen (14) simply supported CFST specimens were
tested in the current study under pure static bending load.
The specimens were classified into two groups: seven (7)
specimens with an effective length (support-to-support; Le)
of 1,050 mm were designated as short beams (SB), and
another seven (7) specimens of length 2,150 mm were
designated as long beams (LB). A steel plate with a
thickness t of 1.5 mm was used to fabricate the square tube
cross-sections with outside dimensions (D for depth and
width) of 200 mm. With these dimensions and thickness,
the width/thickness ratio is equal to 131.3. Therefore,
according to the requirements of AISC (1999), the
suggested tube’s section can be classified as a slender
section. Using the same steel tube plate thickness (1.5 mm),
three shapes of internal steel stiffeners (t.) were provided
along the full lengths of the inner steel tube’s sides. First,
the steel stiffeners were separately fabricated and welded at
their designed locations on a flat steel plate, after which, the
latter was carefully folded by a press machine to achieve the
suggested square shape of cold-formed square steel tube.
The square-shaped tube was fabricated by folding the flat
steel plate into three folded sides. To complete the tube, the
one remaining corner was formed by fully welding a flat
steel plate onto the open edges along the already folded
plate using Metal Inert Gas (MIG) welding machine. Figure
1 presents the schematic diagram of the suggested CFST
specimens’ cross-sections (all dimensions are specified in
mm). Eight (8) mm square-shaped steel plate cut to the
same dimensions of the hollow tube was welded to one end
of each tube specimen, thus covering the opening on one
end. The tubes were placed vertically standing on their
closed-end at their base during concreting. Concrete was
poured from the top opened end, and an electrical vibrator
was used to vibrate the concrete infill to prevent cavities
inside the tubes from forming during the casting work.

The designations and properties of specimens are listed
in Table 1. For each group of specimens (SB and LB), a
tube was fabricated without internal stiffeners and was
considered to be the control specimen (SB1-C/LB1-C), as
shown in Fig. 1(a). For the stiffened CFST specimens,
single or double steel stiffeners were provided at each
internal side of the steel tube. Three (3) different shapes of
stiffeners were suggested in the current research work
aimed at investigating the efficiency of their bonding with
the concrete infill. These shapes are I-shape, T-shape and V-
shape (see Fig. 1). The outer dimensions of all suggested
square specimens are 200 mm x 1.5 mm (D x t). During the
test, the welded corner of all specimens was placed at the
bottom side (at the tension zone).
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Fig. 1 Cross-section schemes of CFST specimens with different shapes of internal stiffeners
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Table 1 Specimens designation and properties

Short /Long Stiffeners at tand tg fou fy A I A Ie ¢
Specimens each wall’s side (mm) (MPa) (MPa) x10° x107 x10* x10°
(mm?) (mm?) (mm?) (mm?)
LB1/SB1-C - 15 45.1 346 1.19 0.78 3.88 1.26 0.35
LB2/ SB2-SI Single I-shape 15 45.1 346 1.42 0.86 3.86 1.25 0.35
LB3/SB3-DlI Double I-shape 15 45.1 346 1.65 0.96 3.83 1.24 0.35
LB4 /SB4-ST Single T-shape 15 45.1 346 157 0.90 3.84 1.24 0.35
LB5/SB5-DT Double T-shape 15 45.1 346 1.95 1.05 3.81 1.23 0.35
LB6 / SB6-SV Single V-shape 15 45.1 346 1.57 0.92 3.84 1.24 0.35
LB7 / SB7-DV Double V-shape 15 45.1 346 1.95 1.10 3.80 1.22 0.35
Table 2 Physical properties of the steel plates

tandtg (mm) f, (MPa) &y (%) fu  (MPa) esu (%) E, (GPa) &sr (%)
15 346 0.44 432 12.6 198.2 225

2.2 Material properties Load

Rigid beam
The physical properties of the steel plate, which was —— > -S1 (strain gauge)

used to fabricate the suggested cold-formed tube cross-
sections and their stiffeners were identified via a direct
tensile test. Three coupons were cut and prepared following
the requirements of ASTM-E8/8M. Table 2 lists the
physical properties of the steel plate on which the test was
conducted, such as the yield tensile strength (f,), yield strain
(ey), ultimate tensile strength (fy), ultimate strain (es),
modulus of elasticity (Es), and maximum elongation (&g).

The components of the concrete mix (cement, sand,
coarse aggregate and water) were designed by weight ratio.
The concrete mix proportions were as follows: 400kg/m*
cement: 710 kg/m® sand: 1060 kg/m® coarse aggregate: 180
kg/m® water: and chemical superplasticiser type Real Flow
611 with 250 ml/100kg of cement. A 10 mm maximum
aggregate size was used in this mixture. The compressive
strength, according to the average results over three cubes
(150 mm) that were tested at 28 days, was equal to 38.8
MPa. Due to unavoidable circumstances, all specimens
were tested after a few months from the casting day.
However, three untested concrete cubes were available for
the compression test on the same day of testing the
specimens. These cubes were cured under the same
conditions as the CFST specimens (roof covered and at
room temperature). The average concrete compressive
strength on the day of specimen testing was equal to 45.1
MPa.

2.3 Test setup

A four-point load was applied to induce pure flexural
bending by using a manual hydraulic jack. To measure the
change in the specimen’s deflection during the test, three
(3) linear variable displacement transducers (LVDTSs) were
distributed equally underneath the beam’s length. At the
mid-span of various samples (SB1/LB1, SB2/LB2,
SB4/LB4 and SB6/LB6), four (4) strain gauges were
provided at the surface of the steel tubes for measuring the
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Fig. 2 Test setup scheme for the long beam / short beam

tensile and compression strains. The load was applied
gradually with an increment of 4-6 mm/min. The data
recorded from the load cell, LVDTs and strain gauges
during the test were saved by a computerised data
acquisition system (data logger). The schematic diagram of
the test setup is presented in Fig. 2 (all dimensions in mm).

3. Results and discussion
3.1 Failure modes

To investigate the behaviour of the CFST specimens, the
testing load was applied beyond the specimen’s ultimate
capacity. Some of the tested specimens were loaded until their
bottom steel flange has fractured due to the high tensile
stresses, which was occurred mostly for the short specimens.
While no steel fracture have been recorded for the specimens
with longer span. Thus, their test was stopped when the LVDTs
reached its maximum limit (80 mm). The tested specimens
(SB2-SI and LB1-C) with short and long lengths are shown in
Fig. 3, as an example. No substantial changes were recorded in
the cross-section of the control specimens (unstiffened CFST
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specimens) until they reached approximately 70-75% of their
ultimate load capacities, at which the top flanges of their steel
tubes began to buckle outside due to the high compression
stresses at a distance between the two-point loads. On the other
hand, the top flanges of the specimens with internal stiffeners
started to buckle when their loads reached 80-85% of their
ultimate load capacities. This is because the internal stiffeners
have restricted the outward local buckling of the stiffened tubes
to several smaller and separated zones. The top flange of the
control specimen (without internal stiffeners) has buckled
along the full width of its cross-section, whereas in the case of
the stiffened specimens, it only buckled along the distances
between the stiffener locations and tube edges, as shown in
Fig. 4. The provided internal stiffeners were perfectly welded
with steel tube surface and sufficiently bonded with the infilled
concrete since even at the maximum loading stage, no vertical
slip failure was recorded at the maximum bending zone.
Mainly, the shapes of the internal steel stiffeners did not affect
the local buckling behaviour of the steel tube. The buckling
shape was mainly affected by the number of stiffeners that had
been provided at each of the tube’s side (see Figs. 4 and 5 for
an example). Figure 6 presents a schematic diagram of the
typical outward local buckling failure that occurred at the top
half of the steel tube’s cross-section when the specimen
reached their ultimate bending moment, specifically at a
distance between the two-point loads. This figure illustrates the
positions of the neutral axis (N.A) and the centre line of the
cross-section (C.C). All specimens deflected smoothly during
the loading stages until reaching their bending capacities,
which behaved similar to half-sine curves (Figs. 7 and 8).

3.2 Moment-curvature relationships

The moment vs curvature at mid-span relationships of the
tested specimens are discussed in this section. The curvature
(p) values are estimated via the relation between the
specimen’s effective length and the deflection at mid-span (¢ =
Un (7 / Lo)?). This formula is applicable to beams with a half-
sine deflection curve (Han 2004, Al Zand et al. 2018, Javed et
al. 2018). The moment vs curvature relationships are presented
in Fig. 9 for both tested groups (long and short beams). At the
initial loading stage, all CFST specimens exhibit an elastic
behaviour followed by an inelastic behaviour until reaching
their ultimate moment capacities. Generally, the CFST
specimens that have single internal stiffeners exhibit stiffer
behaviour in the elastic range than the corresponding control
specimens (SB1-C and LB1-C), thereby realising a higher
moment capacity. The specimens that have double internal
stiffeners exhibit a stiffer performance than both the
corresponding control specimens and the specimens with a
single stiffener. This is due to that the steel stiffeners have
effectively increased the A; as obviously shown in Table 1.

Furthermore, the long specimens (LB) are more ductile
than short specimens. Thus, they did not show any peak load’s
value (see Fig. 9(b)). Besides, the tests of LB specimens were
stopped at the deflection value of 80 mm (LVDT's limitation).
Also, they were rested on roller supports which is allowed to
slightly slip along their longitudinal direction without much
restriction.
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The moment vs strain relationships of the tested CFST
specimens are presented in Fig. 10. The strain gauges’
numbering and locations are described earlier in Section 2.3.
Typical flexural behaviour of the simply supported beams was
recorded for the tested specimens: as the loading rose, the
tensile strain at the bottom flange has gradually increased
(positive value of S3), and the compression strain at the top
flange has also increased (negative value of S1). From Fig. 10,
at the mid-depth of each specimen’s cross-section, the tensile
strain (S2) began to increase slightly before the specimen
reached its ultimate moment value; thus, the N.A, which was
located along the centre line of the C.C prior to loading, began
to move upward due to the high bending stress (as illustrated
earlier in Fig. 6). Furthermore, the steel stiffeners have enabled
the same tensile strain limit to be realised with a higher loading
value, according to a comparison of the S3 values of the
stiffened specimens with their control specimens, as presented
in Fig. 11.

3.3 Moment carrying capacity

For all tested CFST specimens, the moment capacity (M,)
is obtained either at the ultimate moment value that was
recorded from the loading curve before it began to descend due
to the sudden failure that occurred in short specimens, or at the
deflection limit which is equal to L/40 (Javed et al. 2018),
whichever is higher. For both groups (beams with long and
short spans), each specimen that had a single stiffener reached
a higher M, value than the corresponding control specimen,
and each specimen that had double stiffeners reached a higher
value than all other corresponding specimens, as presented in
Table 3. This is expected since the provided steel stiffeners led
to increasing the cross-sectional area (A;) of the steel tube (see
Table 1). The moment improvement percentage (MIP) of the
stiffened specimens was estimated from the M, value of the
corresponding control specimen (unstiffened specimen) for
each group separately. For example, the value of M, of
following SB1-C is equal to 45.9 kN.m, and the incorporation
of single internal stiffeners has increased the value of M, to
60.7 kN.m, 58.7 kN.m, and 59.3 kN.m for specimens SB2-SlI,
SB4-ST, and SB6-SV, respectively, thereby achieving a MIPs
of +32.3%, +27.9%, and +29.1%. Then, the use of double
internal stiffeners has led to a further enhancement in the M,
value to 65.2 kN.m (+42.1%), 68.3 kN.m (+48.8%), and 69.0
kN.m (+50.2%) for specimens SB3-DI, SB5-DT, and SB7-DV,
respectively. The same behaviour was recorded for the long
specimens but with slightly lower M, values than those of
shorter specimens, which demonstrates that the longer
specimens remain within the plastic failure zone.

The adequacy of the current experimental results was
examined. The M, values that were obtained from the tests
have been validated against the theoretically predicted
values of two commonly used methods in this field: EC4
(2004) and Han (2004). The details of these methods are as
follows

I\/Iu—ECA = ((\Npa _Wpan) 1:y + 0'5(\Npc _Wpcn) fck) 1)

hn = (A\: fck)/((Zchk) +4t(2fy - fck)) (2)
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i fube buckling

(a) SB2-SI (b) LB1-C
Fig. 3 Tested CFST specimens beyond their load’s capacities

Fig. 5 The CFST cross-sections at the specimens’ open ends after the test
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Specimens My MIP E.A K; Ks Mu-re Myre /My
designation (kN.m) (+%) (kN.m) (kN. m?) (kN. m?) (kN.m)
LB1-C 46.0 - 6.2 2,222 1,966 - -
LB2-SI 54.4 18.2 7.3 3,033 2,797 - -
LB3-DlI 60.4 31.2 8.2 3,519 2,854 - -
LB4-ST 56.5 22.7 8.0 3,076 2,681 - -
LB5-DT 66.9 454 9.4 3,675 3,187 - -
LB6-SV 56.3 22.4 75 3,149 2,856 - -
LB7-DV 67.9 47.6 9.3 3,739 3,119 - -
SB1-C 45.9 - 6.3 2,511 2,315 45.8 0.998
SB2-SI 60.7 32.3 7.9 3,655 3,427 60.1 0.989
SB3-DlI 65.2 42.1 8.7 3,866 3,603 65.5 1.004
SB4-ST 58.7 27.9 8.3 3,036 2,817 59.5 1.013
SB5-DT 68.3 48.8 9.4 4,065 3,665 69.7 1.020
SB6-SV 59.3 29.1 1.7 3,241 2,899 60.2 1.016
SB7-DV 69.0 50.2 9.4 4,002 3,437 71.1 1.031
MV 1.010
cov 0.013
Table 4 Verification of the experimental M, values with the predicted values from existing standards
SPECimenS Mu Mu-EC4 Mu-EC4 Mu-Han Mu-Han
designation (KN.m) (KN.m) M, (KN.m) I M,
LB1-C 45.9 34.8 0.759 39.2 0.852
LB2-SI 60.7 35.1 0.578 39.2 0.721
LB3-DlI 65.2 354 0.542 39.2 0.650
LB4-ST 58.7 35.3 0.601 39.2 0.694
LB5-DT 68.3 35.7 0.522 39.2 0.586
LB6-SV 59.3 35.3 0.595 39.2 0.696
LB7-DV 69.0 35.7 0.518 39.2 0.577
SB1-C 46.0 34.8 0.757 39.2 0.854
SB2-SI 54.4 35.1 0.645 39.2 0.646
SB3-DlI 60.4 354 0.586 39.2 0.601
SB4-ST 56.5 35.3 0.625 39.2 0.668
SB5-DT 66.9 35.7 0.533 39.2 0.574
SB6-SV 56.3 35.3 0.626 39.2 0.662
SB7-DV 67.9 35.7 0.525 39.2 0.569
MV 0.604 0.670
cov 0.126 0.132
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My tian = 7Weem fey (7)
7,-=1.04+0.48In(& +0.2) ®)
fo.=(1.18+0.85.8)f, )
S=(AT)I(Af) (10)
W, =D%/6 (11)

where W, is the section modulus for the
rectangular/square sections of the steel tube. The fyy, A, A
and y,, are yield strength of the composite section, cross-
section area of steel tube, the cross-section area of concrete
core and flexural strength index, respectively. The fy is the
characteristic concrete strength which is equal to 0.67f,,
where, f, is the characteristic concrete cube strength at 28-
days. Lastly, the & is the confinement factor which describes
the composite action between the materials of steel tube and
concrete core as per the unified theory (Han et al. 2001).

Table 4 shows the comparison between the M, values
obtained from the current experimental tests and the ones
theoretically predicted from the mentioned standards. The
mean value (MV) predicted from the ratio of M, gc./M, are
about 0.604, with a coefficient of variation (COV) of 0.126.
The formula of Han (2004) has achieved a slightly better
prediction of the M, values of the experimental results than
the EC4, in which the MV and COV are equal to 0.670 and
0.132, respectively. Generally, in this comparison study, the
lower prediction by the methods of EC4 and Han compared
to the current experimental results occurred because both of
these theoretical methods do not consider the effects of the
additional steel stiffeners that were provided inside the
CFST beams, where the effects of the steel section are
usually estimated in these methods from the dimensions of
the tube (D and t) only, see the Eqgs. 1 - 11. Therefore, a
new formula needs to be established to adequately predict
the moment capacity of the stiffened CFST beams with
internal steel stiffeners.

3.4 Flexural stiffness

The flexural stiffness performance of the stiffened CFST
beams is discussed in this section. As explained earlier, at
the initial loading stage, all of the tested specimens behaved
in an elastic manner, followed by an inelastic behaviour in
the remaining loading stages. According to the moment vs
curvature relationships, the flexural stiffness at the initial
level (K;) and the serviceability level (Ks) were estimated at
the moment values of 0.2M, and 0.6M,, respectively (Han
et al. 2006b, Al Zand et al. 2016). The K; and K values
obtained from the tested CFST specimens are estimated and
presented earlier in Table 3. Generally, the specimens with
a shorter span exhibited a slightly stiffer behaviour than
those the ones with a longer span. The flexural stiffness

values have gradually improved as the specimen’s cross-
section moment of inertia for the steel increased. Thus, the
specimens with double stiffeners had higher values than the
corresponding specimens. For example, as given in Table 3,
the obtained K; value of SB1-C was about 2,511 kN.m?,
which had increased to 3,655 kN.m? (+45.5%) when a
single I-shaped stiffener was employed (SB2-Sl). The value
had further increased to 3,866 kN.m® (+53.9%) when
double stiffeners of the same shape were incorporated
(SB3-DI). For all tested specimens, the flexural stiffeners at
the serviceability level (Ks) have exhibited lower values
than the corresponding K;values with ratios of about 0.81-
0.92.

Four (4) theoretical standards are used to evaluate the
flexural stiffness values (K; and K;) that were obtained from
the current experimental study, namely, BS5400 (2005),
EC4 (2004), AISC (2010), and AlJ (1997). The details of
these theoretical formulae are as follows

K=FE,I, +FE,l (12)

where the F; is the reduction factor for the steel stiffness
part, which is equal to 0.95 in the standard BS5400 and
equal to 1.0 for the other standards. The F, is the reduction
factor for the concrete stiffness part, which is equal to 0.45,
0.2 and 0.6 in the standards BS5400, AlJ and EC4,
respectively. Meanwhile, in standard AISC (2010), the F,
value is varied (F;=0.6+0.2 (AJ(As+A)) <0.9. For all
standards, the I and I, are the cross-section moment of
inertia for the steel and concrete, respectively. Es and E. are
the moduli of elasticity for the steel tube and concrete
material. The value of E; are estimated for each standard
separately, which is equal to [450 .f.], [9500.(fy+8)""],
[4733.(f.)*2 ], and [4733.(f. /19.6)"%] for the standards
BS5400, EC4, AISC-2010 and AlJ-1997, respectively. f; is
the characteristic concrete cylinder strength at 28-days. An
additional theoretical model to predict the flexural stiffness
K; and K values that was presented in (Han et al. 2006b)
was used in this comparison study, which is expressed as
follows

Kian =0.2M, /&, (13)
¢; =[(10.64B, +91.18) + (8.66B, +5.93)]B. % /(E,D) (14)

K =0.6M, /¢, (15)

s—Han

¢, =[(38.9B, +319.11) + (12.61B, + 23.1)¢]B.*** /(E,D) (16)

where, the p; and p. are equal to f,/345and f./30,
respectively.

For the initial flexural stiffness (K;), EC4 and AISC
have overestimated the values compared to the
experimental results, with MVs equal to 1.296 and 1.293
with COVs of 0.144 and 0.134, respectively, as presented in
Table 5. The same standards EC4 and AISC have further
overestimated the experimental stiffness values at the
serviceability-level (Kg), with MVs of 1.457 and 1.453,
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respectively. This is because of the decrease in the effective
stiffness value at the serviceability-level (0.6M,) was not
considered by these standards in their formulas. However,
compared to the experimental results, the BS5400 and AlJ
standards have underestimated the experimental K; values,
with MVs of 0.855 and 0.778 and COVs of 0.128 and
0.117, respectively. This is due to both the BS5400 and AlJ
are using lower reduction factors for the concrete stiffness
part compared with the other standards, which are equal to
0.45 and 0.2, respectively. In the other hand, Han et al.
(2006b) consider the change in the flexural stiffness
behaviour from the initial level to the serviceability level;
thus, compared to the corresponding experimental results,
their formula has accomplished the best prediction values.
The MVs from Ki.an/Ki and Kqqan/Ks are about 0.911 and
0.892, respectively, with sufficient COVs which are equal
to 0.058 and 0.072.

3.5 Energy absorption

The energy absorption (EA) index of each tested CFST
specimen was calculated from the area under its load-
deflection curve (Al Zand et al. 2016, Javed et al. 2018), in
which the area is estimated up to the deflection limits
corresponding to the M, value. This index is used to
evaluate the structural member performance under seismic
loading, and a member that has a higher EA index
demonstrates superior performance during an earthquake
(Javed et al. 2018). Table 3 shows the estimated EA indices
of the tested specimens. According to the total area under
the load-deflection curves, the stiffened CFST specimens
with double stiffeners have achieved higher EA values than
the other corresponding specimens. This is expected since
these specimens (with double stiffeners) have the highest
load capacities. For example, the EA of specimen SB1-C is
equal to 6.3 KN.m; this value had approximately increased
with a range of about 23% to 32% when a single stiffener
was incorporated into specimens SB2-SI, SB4-ST, and
SB6-SV. Then, this improvement further increased with a
range of about 39% to 50% when double stiffeners were
incorporated. Similar performance was recorded for the
longer specimens but with slight differences in their EA
values.

4. Finite element analysis
4.1 Description of the FE modelling

Finite element (FE) models were developed and
analysed using the nonlinear software (ABAQUS) to
simulate the suggested stiffened CFST specimens. The
boundary conditions for the typical 3-D quarter FE model
are shown in Fig. 12 for model SB7-DV as an example. An
incremental displacement was assigned at the positions of
point loads to represent the actual applied loads. In general,
each model has two material components (steel and
concrete). The element type C3D8R was chosen for the
steel and concrete components; a solid element with 8-node
linear brick-reduced integration with 6-degrees of freedom
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for each node.

The value of friction coefficient between the steel tube
and the concrete core could be affected by several
parameters, such as the dimensions of the tube, cross-
section shape, loading type/rate and type of concrete (Al
Zand et al. 2018; Moon et al. 2012; Javed et al. 2017).
Thus, after conducting several preliminary FE analyses in
the current study, a friction coefficient was taken as 0.5
with “Hard” contact pressure to characterise the mechanical
contact between the inner surface of the steel tube and the
outer surface of the concrete core. However, in the current
FE analysis, a full tie interaction was suggested to represent
the mechanical contact between the surfaces of the internal
steel stiffeners and the concrete, since no-slip failure was
observed in the experimental tests (as discussed earlier in
Section 3.1).

The steel tube and steel stiffeners are considered
isotropic material in the FE modelling. Thus, the modulus
of elasticity (Es) and the Poisson's ratio of a steel material
were identified in the elastic-isotropic section, and the
plastic-isotropic section was used to identify the steel yield
strength and the related strain values. The concrete was also
considered an isotropic material at the elastic stage, while,
at the inelastic stage, it is capable of crushing at the
compression stress and cracking at the tension stress (Al
Zand et al. 2018). Thus, the compressive and tensile
strengths vs strain relationships of the concrete were
identified in the damaged plasticity section, while, the
section of elastic-isotropic was used to identify the modulus
of elasticity (E¢). Generally, the current study has used the
same modelling concept and constitutive stress-strain
relationships of the steel and concrete materials of Al Zand
et al. (2018), as presented in Fig. 13.

4.2 Verification of the FE models

The same properties and boundary conditions of the
experimental CFST specimens were used to develop seven
(7) FE models. The aim is to simulate the flexural
performance of the stiffened CFST specimens with a short
span since both of the short and long specimens were
achieved close results of bending capacities (as highlighted
earlier in Section 3.3). The M, values obtained from the
analyses of these seven (7) models have marginally
overestimated the experimental M, values of the
corresponding specimens, as compared in Table 3. The MV
predicted from the ratio of M, /M, is about 1.010 with
COV equal to 0.013, which is sufficient estimation.

A convergence study was conducted for the developed
FE models in order to achieve accurate results through
selecting the significant meshing size (number of elements).
As an example, the convergence study for the bending
capacity of model SB2-SI presented in Fig. 14.

The flexural performance of the developed FE CFST
models have fairly simulated the experimental performance,
and the comparison between their moment-deflection
curves are shown in Fig. 15. Furthermore, the typical tube
buckling failure obtained from the FE analysis at the
ultimate loading stage (M) is presented in Fig. 16. These
sections are taken at the position located between the point
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Table 5 Verification of the experimental K; and K values with the predicted values from existing standards

Specimens Kes Kes Keca Keca Kaisc Kaisc Kais Kau Ki_Han Ks Han
designation 1 K; /K /K; /K, /K; /K, 1K; /K, [ K; /K,
LB1-C 1.143 1.292 1.782 2.013 1.746 1.973 1.016 1.148 1.049 1.032
LB2-SI 0.879 0.953 1.349 1.463 1.336 1.449 0.791 0.858 0.908 0.858
LB3-DlI 0.805 0.993 1.213 1.496 1.214 1.497 0.736 0.908 0.869 0.932
LB4-ST 0.889 1.020 1.353 1.553 1.350 1.548 0.805 0.924 0.930 0.929
LB5-DT 0.816 0.941 1.209 1.394 1.223 1.411 0.756 0.872 0.922 0.926
LB6-SV 0.882 0.972 1.336 1.473 1.333 1.470 0.802 0.884 0.906 0.870
LB7-DV 0.824 0.988 1.212 1.453 1.227 1.471 0.769 0.922 0.920 0.960
SB1-C 1.012 1.097 1.577 1.710 1.545 1.676 0.899 0.975 0.926 0.874
SB2-SI 0.729 0.778 1.119 1.194 1.109 1.183 0.656 0.700 0.842 0.781
SB3-DI 0.733 0.786 1.104 1.185 1.105 1.186 0.670 0.719 0.855 0.798
SB4-ST 0.900 0.970 1.371 1.478 1.367 1.474 0.816 0.879 0.979 0.919
SB5-DT 0.737 0.818 1.093 1.212 1.106 1.227 0.683 0.758 0.851 0.822
SB6-SV 0.856  0.957 1.298 1.451 1.295 1.447 0.779 0.871 0.926 0.901
SB7-DV 0.770 0.897 1.133 1.318 1.146 1.334 0.718 0.836 0.873 0.884
MV 0.855 0.962 1.296 1.457 1.293 1.453 0.778 0.875 0.911 0.892
cov 0.128 0.131 0.144 0.143 0.134 0.136 0.117 0.122 0.058 0.072
Steel tube elements
Concrete clements
Steel stiffeners clements
symmetry
plane (X-Y)
at mid-span
Roller support
x " symmetry plane (Z-Y)
Fig. 12 Typical 3-D quarter FE model — SB7-DV.
Stress Stress
A : A
Sl tension p compression
o . CUY e
- &y > - grel/ i i >
: &y Steain TN Y ﬁ € &o E&u
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- ' for
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compression Y Y
(a) Steel (b) Concrete

Fig. 13 Constitutive materials stress-strain relationships (Al Zand et al. 2018).
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load (L¢/3) and mid-span (L./2) of the model, confirming
that the current FE analyses can fairly represent the actual
tube’s failure occurred for the tested CFST specimens
(which are earlier shown in Figs. 4-6).

4.3 Effects of internal steel stiffeners thickness

The effects of varied parameters such as the infill
concrete strengths, steel yielding strengths and steel tube
thickness on the performance of the square CFST beams
were investigated earlier in several studies (Han et al.
2006b; Jiang et al. 2013; Javed et al. 2017). Therefore, in
the current numerical analyses, the influence of using the
varied thickness of the internal stiffeners (ty) on the
flexural performance of the suggested stiffened CFST
beams was investigated. Two additional thicknesses of
stiffener were adopted in this study (3.0 mm and 4.5 mm).
The boundary conditions and the rest of the material
properties remained the same as described earlier for the
experimental specimens.

From the FE analyses, the moment capacity of the
stiffened models has improved due to increasing their
stiffener’s thickness, as summarised in Fig. 17. This
performance can be considered logical since the overall
steel tube cross-section area (As) has increased due to the
increases of internal stiffeners’ thickness. Thus, the FE
models with double stiffeners achieved higher loading
improvements compared to the corresponding models with
a single stiffener that have the same stiffeners’ thickness.
For example, the M e value of model SB4-ST with 1.5 mm
stiffener’s thickness was equal to 59.5 kN.m. This value had
increased by about 18% (70.3 kN.m) and 33% (78.8 kN.m)
when the thickness of their internal stiffeners (t.) increased
to 3.0 mm and 4.5 mm, respectively. For the same stiffeners
shape, in the case of using double stiffeners (SB5-DT), the
percentages of bending capacities were further increased to
27% (88.3 kN.m) and 48% (103.1 kN.m) when used
stiffeners with 3.0 mm and 4.5 mm thickness, respectively,
compared to the same model with 1.5 mm stiffener’s
thickness. In general, similar behaviour was observed for
the other stiffened FE models but with different percentages
of improvements.

62.0 1
Selected
(]

= 61.0 4
= °
=< ° 60.1
S 60.0 A Py

59.0 —— : |

0 5000 10000 15000 20000

No. of elements
Fig. 14 Convergence study for the FE model (SB2-SI)
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However, increasing the thickness of the stiffener does not
influence the tube local buckling failure which was has
remained without change (t=1.5 mm).

5. Conclusions

The conclusions of the current study are summarised as
follows:

. The internal steel stiffeners have delayed and
mitigated the tube’s outward local buckling failure, which
usually occurs at the top half of the cross-section of the
simply supported CFST beam due to the high compression
stress. Increasing the number of stiffeners is more effective
in restricting the tube’s local buckling compared to the
effect of increasing their thickness.

. In addition, the steel tube cross-sectional area has
increased due to the introduction of the internal steel
stiffeners, particularly at the top and bottom steel flange;
thus, the moment capacity of the stiffened slender cold-
formed CFST specimen has substantially improved with
either the increasing number of stiffeners or their thickness.
For example, providing a single T-shaped stiffener at each
side of the tube has enhanced the moment capacity of the
slender CFST beam by about 27.9% compared to the
unstiffened specimen; this percentage had further improved
to 48.8% when double stiffeners were used with the same
shape.

. The flexural stiffness of the stiffened CFST
specimens has gradually enhanced due to the presence of
the internal stiffeners since they have increased the moment
of inertia for the steel part. Compared to the unstiffened
specimen, the initial stiffness of the specimen that was
stiffened with a single V-shape stiffener had increased by
29.0%, and by 59.3% when double V-shaped stiffeners
were used, as an example.

o The capability of the slender CFST specimen to
absorb energy is improved substantially by the
incorporation of internal stiffeners. The EA value of the
control specimen has increased by about 22.6% and 50.3%
when internally stiffened with single and double V-shaped
stiffeners, respectively.

. The moment capacity and the failure modes of the
stiffened CFST beams have been successfully predicted by
the FE models. The FEM models will be used for further
numerical investigation of the stiffened CFST beams.

. The results obtained from the experimental tests
and the numerical analyses compared well to the
corresponding theoretical values predicted from various
existing standards, namely, EC4, AISC, BS5400, and AlJ,
and other methods.

As the influence of adopting the internal steel stiffeners
in improving the behaviour of the slender CFST beams has
been demonstrated in the current research, further
experimental and numerical investigations are required to
develop a new theoretical formula that will enable the
prediction of the moment capacity of the stiffened CFST
beams with steel stiffeners. Furthermore, in the case of
slender CFST beams subjected to static flexural loading, it
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is suggested that to reduce the stiffening cost, internal steel
stiffeners along the sides and lengths are to be provided
only in areas subjected to the high compression stress,
which is required to prevent/delay the tubes outward local
buckling.
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