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ABSTRACT

The present study investigates the influence of plate stiffeners on the ultimate moment capacity of rectangular
concrete-filled double-skin tubular (CFDST) beams subjected to pure bending loads. This research assesses
the flexural performance of CFST, CFDST, and plate-stiffened CFDST beams by comparing their moment-bearing
capacities and failure modes. The experimental program included six specimens, comprising one CFST beam, one
CFDST, beam, and four CFDST beams strengthened with plate stiffeners. The stiffeners were welded to the inner face
of the outer tube that carried out through pre-drilled holes, positioned at spacing intervals of 20t and 40t, with t
indicating the external tube thickness. The experimental findings demonstrated that incorporating internal steel tubes
improved the ultimate flexural of CFDST beams by approximately 4.24 % relative to CFST beams. The addition of
plate stiffeners to the CFDST beams exhibited a marked enhancement in ultimate moment capacity, ranging between
7.1% and 22% over the unstiffened CFDST specimen. This improvement was more pronounced as closer intermittent
weld spacings were adopted for the plate stiffeners. This study proposes a design model for predicting the peak
flexural capacity of plate-stiffened CEFDST beams. Furthermore, it provides detailed insights into their ultimate moment
capacity under the influence of intermittently welded plate stiffeners. A design model incorporating confinement effects
from intermittent stiffeners predicts ultimate capacity with an average accuracy of 96%.

Keywords: Concrete-filled double-skin tubular beam, plate stiffener, intermittent welding spacing; flexural
loading; deformation.

INTRODUCTION bond or slip at this interface can impair stress transfer and
result in reduced stiffness, significantly diminishing load-
bearing performance. To overcome this limitation, the
central concrete core is substituted with a hollow steel tube,
leading to the creation of the concrete-filled double-skin
steel tube (CFDST). A typical CFDST beam is composed
of an external tube, an internal tube, and the sandwiched
concrete confined between them. The proposed composite
system offers multiple benefits beyond those of traditional
CFST construction, achieving an excellent balance between
strength and weight by reducing the weight and superior
structural efficiency as well as deformation performance
(Elchalakani etal. 2016; Patel & Purohit 2025). Furthermore,
the central hollow space can provide a practical opening
for sewer pipes or electrical wiring. Another notable
CFDST members also offer superior fire resistance (Li et

Modern structural engineering widely employs composite
steel—concrete construction due to its superior structural
efficiency and stiffness. In structural engineering, concrete-
filled steel tubes (CFST) are widely adopted owing to their
excellent strength combined with construction simplicity
(Zhan et al. 2016). Nevertheless, the concrete core
contributes little to the beam’s flexural stiffness while
substantially increasing its self-weight, thereby intensifying
seismic demands. Ensuring uniform compaction in long
or narrow tubes is difficult, and any voids or poorly
compacted regions can compromise the member’s stiffness
and strength. Composite action depends on the interfacial
bond between the steel tube and concrete core; Inadequate
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al. 2019). Therefore, CFDSTs are considered to hold
significant potential for adoption in modern building
structures. Depending on design requirements, the steel
tubes utilized in composite construction are commonly
fabricated as square (SHS), circular (CHS), or rectangular
(RHS) hollow sections. (Lu et al. 2010; Wang et al. 2021),
allowing for several possible combinations, as depicted in
Figure 1. Over the past few years, numerous studies have
been conducted to examine the behavior of CFDST
members (Ekmekyapar & Ghanim Hasan, 2019; Zhao et
al, 2021). Compared with those three shapes, the circular
hollow sections could provide a better confinement effect
as compared to the other shapes as square or rectangular
(Essopjee & Dundu 2015; Le& Cao 2023). In addition,
while rectangular or square hollow sections were more
favorable for building construction, since their configuration
facilitates easier integration with other structural elements.
The literature review reveals that nearly all CFDST
members investigated to date were fabricated with circular
or square steel tubes, a limited attention on the structural
performance of rectangular CFDST beams, which were
more suitable for resisting large major-axis bending
moments (Tao & Han 2006). Furthermore, rectangular
hollow outer tubes in CFDST members have been adopted
in structural applications for their high bending stiffness
and relative simplicity of beam connection detailing.
Research findings have shown that sandwiched concrete-
filled rectangular or square steel sections are more prone
to local buckling of the outer tube (Yang et al. 2024),
considering that these sections are still widely applied in
structural practice because of their efficient beam-to-
column connections. This premature buckling reduces the
effectiveness of confinement and prevents the steel and
concrete from achieving their full composite strength
potential under large bending moments (Li et al. 2017).
Even under concrete confinement, the flat sides offer less
effective restraint than circular sections, which may lead
to reduced ductility and diminishing resistance after
buckling. The non-uniform stress distribution leads to less
effective confinement of the steel tube, which in turn to a
limited improvement of the concrete’s compressive
strength. As a result, structural improvements are required
to improve the flexural resistance and ensure more reliable
performance. The structural efficiency of rectangular outer
steel tube beams can be significantly enhanced by
implementing suitable stiffening strategies. (Liang et al.
2019; Al Zand et al. 2021). Based on previous studies, the
available research shows that limited knowledge on the
strengthening of CFDST beams, as most of the existing
research has primarily focused on column sections. Among
the various approaches, welding longitudinal stiffeners
onto the outer steel tube surfaces is recognized as one of
the most efficient strengthening strategies. Moreover, the

stiffeners have been identified to have the ability to
postpone local buckling of steel tubes and verified through
composite member tests and enhancing the overall
structural performance as reported in (Chang et al. 2024;
Liuetal. 2024). One potential solution is the incorporation
of welded plate-stiffeners on the outer tube. Stiffeners
effectively postpone local buckling and improve stress
transfer among the sandwiched concrete and the steel tube,
leading to higher ultimate moment capacity and enhanced
ductility of CFDST beams. Stiffeners are continuous plates
connected to the outer tube via discrete welds at specified
intervals. However, the majority of investigations have
focused on the general flexural behavior of the CFDST
members, while limited attention has been given to the role
of intermittent welded stiffeners, their spacing, and their
influence on rectangular CFDST beams in particular.
Therefore, to fill these gap in terms of addressing how can
welded plate stiffeners improve the flexural performance
since there is lack of systematic investigation on
intermittent stiffeners in rectangular CFDST beams in
terms of the stiffening mechanisms, optimal stiffener
arrangements, and their effectiveness on delaying local
buckling of the outer tube, the current research investigates
for rectangular CFDST beams reinforced with intermittently
welded plate stiffeners, presenting new test data subjected
to static bending.
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FIGURE 1. CFDST cross-sectional arrangements
(Lu et al. 2010)

EXPERIMENTAL INVESTIGATION

To assess the flexural behavior of CFDST members that
are subjected to four-point bending, six rectangular beam
specimens were prepared and tested, incorporating one
CFST beam, one unstiffened CFDST beam, and four
strengthened CFDST beams with plate-stiffeners to assess
their ultimate moment capacity and failure behavior with
respect to the flexural load, as summarized in Table 1. The
plate stiffeners were provided continuously along the



longitudinal axis, with the length of the member, and
matched the full length of 2000 mm of the CFDST beam:s.
Since this investigation involves one shape as a rectangular,
the depth, width, thickness, and overall length of the outer
steel tube are represented by the parameters D,, B, t,, and
L, respectively. For the section of inner steel tube, b, d,
and ¢ are considered as the breadth, depth, and thickness.
In addition, steel plate stiffener » and ¢_are the width and
thickness of the plate stiffener, respectively.

The weld holes utilized for intermittent connections
have a diameter of 6 mm. Figure 2 presents the specimens’
cross-section and overall configurations, including their
typical geometry and notations. The external tube features

_—— Steel plate

_~— Outer steel tube ~

——Concrete core  —

i Do
—— Inner steel tube

(a) Cross-section of single and double stiffeners of
CFDST specimens
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a cross-section of 100 mm % 200 mm with a thickness of
4.0 mm, while the internal tube has a cross-section of 50
mm x 100 mm with a 2.3 mm thickness. N indicates the
rectangular outer tube that include normal concrete
strength. Throughout the test, the external and internal steel
tube dimensions were kept constant. The number of plate-
stiffeners were adopted as single or double stiffeners, were
1S represent as single plate stiffener and 2S as double steel
plate stiffeners. For those two types of stiffeners were
welded at spacing, s of 207 and 40¢, where t denotes as the
thickness of the external tube, as emphasized by (Thomas
& Sandeep 2020).

Intermittent welding hofes: ?“w

Outer steei tube

Concrete core

rmner steel tube-

Plate stiffener-" Y

(b) welding spacing

FIGURE 2. Geometry and details of strengthen CFDST beams

TABLE 1. Properties and Dimensions of the CFDST Beam

Outer Tube Inner Tube Plate Stiffener ~ Welding  Distance ~ No .of
Specimen Hole Holes Welding
Designation D, B, L, D, B, L b, L Spacing, s From End  Holes
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (1 side)
N200 - - - - - - - -
N200/100 - - - - -
N200/100-1S-20¢ 25 4 80 80 24
200 100 4 100 50 23
N200/100-2S-20t 25 4 80 80 48
N200/100-1S-40t 25 4 160 40 13
N200/100-2S-40t 25 4 160 40 26

SPECIMEN PREPARATION AND TEST
ARRANGEMENT

The properties of the two hollow steel tubes, as well as the
steel stiffener, were determined through the tensile coupon
test, and the average results are summarized in Table 2.
The components of the concrete mix ratio are
1:0.45:2.43:1.69 (cement, water, coarse aggregate, and fine
aggregate). The mixture adopted a maximum aggregate
size of 10 mm. To reproduce the curing environment of the

CFDST concrete, the concrete cubes were cured at room
temperature under the same conditions and placed adjacent
to the CFDST beam specimens. Based on the average of
three 150 mm cube tests at 28 days, the compressive
strength of the concrete was found to be 41.5 MPa.
Specimen fabrication began with positioning plate
stiffeners against the inner wall of the outer steel tube to
provide restraint and load transfer. Intermittent welding
holes were drilled on the outer tube at a uniform spacing
S, as shown in Figure 2(b). Plug welding was then
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performed through these holes using 6 mm diameter welds
to connect the stiffeners to the inner face of the outer tube.
. Prior to welding, plate stiffeners were welded at spacings
of 20t and 40t. Subsequently, welding inspection and
sanding were carried out to ensure that the weld holes were
free of defects. After completing the welding process, the
inner steel tube was positioned concentrically, afterward,
the annular space between the inner and outer steel tubes
was filled with concrete. The tubes were set upright for
casting, with steel plates fixed to the bottom end to avoid

leakage. The concrete was placed in layers, with each layer
compacted utilizing an electric vibrator to remove
entrapped air. At the UKM laboratory, the CFDST beam
specimens were tested under four-point loading utilizing
a hydraulic jack that hold a maximum capacity of 500 kN,
as shown in Figure 4. Applying the load incrementally at
arate of 3 —4 kN/min. Three LVDTs, evenly spaced along
the beneath of each beams, for recording the deflections.
The data logger was connected to the PC during the process
of experimental test to receive the numbers that observed
from the load cell, strain gauges, and also the LVDTs.

TABLE 2. Properties of steel in CFDST beams

s Average Average Ultimate Stress,
Material Young’s Modulus, £, Yield Stress, f f
(N/mm?) ylavg) w(ave)
(MPa) (MPa)
Inner steel 2.03 x 10° 328.9 4547
Outer steel 2.06 x 10° 335.7 462.3
Plate stiffener 2.03 x 10° 3254 451.6

| 20t §
20t |
120 |

~|§

(a) Drill the holes

(b) Weld the plate stiffener

(c) Pour the concrete

FIGURE 3. Fabrication process of rectangular CFDST beams
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FIGURE 4. Schematic of the specimen loading setup



RESULTS AND DISCUSSION

ULTIMATE MOMENT CAPACITY

The test results show that the addition of an internal steel
tube significantly improves the ultimate moment capacity
of the composite beam. The reference specimen, N200,
represents a CFST beam that fabricated without an internal
steel tube. The CFDST beam N200/100 achieved an
4.24% higher ultimate moment as compared with the
CFST beam specimen. The observed improvement may be
attributed to the confinement provided by the dual steel
tubes, which effectively prevent the lateral expansion of
the infilled concrete. An increased steel ratio improves the
beam’s bearing-carrying capacity. In particular, the
inclusion of plate stiffeners raised the ultimate moment of
CFDST beams by 7.1 —22% than those of their unstiffened
counterpart. The findings demonstrated that the utilization
of plate stiffeners enhances the ultimate flexural of the
beam by providing greater bending moment resistance and
improve confinement of the sandwiched concrete.
Furthermore, the composite interaction among the two
parts of steel and concrete was enhanced by the increased
contact area. However, the utilize of wider intermittent
weld spacing for plate stiffeners displayed a significant
reduction in value of the ultimate moment capacity. As
shown for the specimen N200/100-1S40¢, achieved an
ultimate moment capacity that is 3.1% less than N200/100-
1S-20¢’s 89.6 kN-m. The same behavior observed for the
specimens that include double stiffeners with a reduction
of 5.3% for N200/100-1S-40¢, as increase the welding
spacing form 207 to 40z. With larger intermittent weld
spacing, the number of weld holes decreases, resulting in
weaker for the attachment among the plate stiffeners and
the external steel tube, and allowing greater movement
under pure bending load. The experimental findings
highlight the beneficial role of intermittently welded plate
stiffeners in enhancing CFDST beam capacity. The
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corresponding ultimate moment (Mu) values for all beam
specimens are presented in Table 3.

TABLE 3. Experimental result

Peak Load, Ultimate Moment,
Specimen P, M,
(kN) (kKN.m)
N200 259.50 77.85
N200/100 270.55 81.15
N200/100-1S-40¢ 289.75 86.93
N200/100-2S-40¢ 313.15 93.90
N200/100-1S-20¢ 298.75 89.63
N200/100-2S-20¢ 329.53 98.85

MOMENT-DEFLECTION BEHAVIOUR

The moment—deflection response at mid-span exhibits that
all the tested beams during the initial phase, demonstrated
elastic behavior which then progressed into inelastic
deformation as loading increased, continuing until the
ultimate capacity was attained. Figure 5 (a — f) illustrates
that the inclusion of intermittent welded plate stiffeners
enhances the moment—displacement behavior of CFDST
beams. Compared with unstiffened CFDST and CFST
beams, the stiffened specimens exhibited a higher ultimate
moment capacity. Furthermore, as recorded in Table 3, in
overall, the strengthen beams exhibited superior moment-
deflection responses, as the plate stiffeners improves the
steel confinement factor (§). Stiffened CFDST beams,
whether using single or double stiffeners, exhibited greater
stiffness than the unstrengthen beams during initial

loading stages, resulting in higher moment capacities.
Once the ultimate capacity was reached, cracking occurred
in the sandwiched concrete, and the residual load was
primarily carried by the steel tubes. Consequently, the
applied loads on the beam started to decline.

continue ...
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FIGURE 5. Moment—deflection response at mid-span beam

MODES OF FAILURE

A uniform loading rate was employed, and the specimens
were subjected to gradually increasing loads. The
specimens showed considerable bending deformation, with
outward local buckling of the outer tube developing in the
compression zone close to the loading points. To make a
comparison in terms of the appearance of local buckling,
the unstiffened CFDST specimen observed delaying in the
buckling as compared to the CFST specimen. Notably, the
CFDST specimen with a single plate stiffener demonstrated
enhanced resistance, with buckling observed in the top
flange. A double steel tube configuration with double plate
stiffeners, causing additional delay in the buckling
observation, owing to the higher quantity of steel plate
stiffeners. In general, the welded stiffeners provide a strong
bond for the composite section, this enhancement could
be attributed to the superior confinement of the section.
In all cases, the specimens exhibited outward local
buckling, as highlighted by the white circle in Figure 6.
These buckling deformations occurred as the crushed
internal concrete expanded, exerting outward pressure on

the external steel tube. The inclusion of plate stiffeners
significantly minimized the extent of buckling observed in
the outer tube. The buckling shape was mainly influenced
by the number of stiffeners placed on the top and bottom
surfaces. For all beam specimens, no slip occurred between
the steel tubes, and sandwiched concrete was detected
during loading. Meanwhile, all the beam specimens
deflected smoothly, similar to a half-sine wave, with the
top flanges experiencing buckling, as shown in Figure 7.

N200/100-2S-20¢

[ —

FIGURE 6. The deformation patterns observed in the test
specimens



Le (mm) Le (mm) Le (mm)
o 450 900 1350 1800 0 450 900 1350 1800 0 450 900 1350 1800

s \ / 5 5 \\‘ ___—_ﬁ—/’/

1 ~ = o \Q\iﬂ-‘_ -] /// 10 \\ P e / /
i = NN 22 B S IN —=/
E 20 \ / E 15 \\// E 1 \ N ] /
£ s N, ,// . \ / 3
g 30 \ T~ 72 y L \ / E &5 \

2 i N pZ S— A » N 0.5Mu A A o

N AN / —_—075Mu N / 30 sxt

40 30 7 ——0 5 7 =

45 N L e 0on - \ / . / N

“ _ — Loy " | =7 Love “ : —_— M

- Exp.Curves -- Half-sine Curves ~Exp.Curves — Half-sine Curves - Exp.Curves - Half-sine Curves

(a) N200 (b) N200/100 (¢) N200/100-1S-40¢
. Le (mm) . . Le (mm) i)

0 450 900 1350 1800 0 450 900 1350 1800 0 450 900 1350 1800

0 0 0
=
5 E—— & =
—_— >l S E—_y
\\\.\ = 7 10 \\ = //17/ \‘\\\ S s~ ///
NN =7 . — 7 s —
= P g E 7
g 15 \ I _b_y /// H 5 \ — / ‘E‘ ) \\ Raw P /
= — = = =
520 \ // ; 20 \ % \\ //
3 £ & g
g2 \\ 7 T 2 25 N / 0.5Mu -] N o
8 25
30 > — -7 30 AN ~ TSN \\ / 0.75Mu|
\-h’_/ — o 35 / 0.oMu 30
35 DM ~_ ~_[ 77
m 1OMu 4 1.0Mu 35 —— 1.0Mu
- Exp.Curves -- Half-sine Curves

-Exp.Curves -- Half-sine Curves

(d) N200/100-25-40¢

0
- Exp.Curves --Half-sine Curves

(€) N200/100-1S-20¢

(£) N200/100-2S-20¢

FIGURE 7. Deflection shape of the CFDST beams

DESIGN APPROACH FOR PLATE-STIFFENED
CFDST BEAMS

The ultimate moment capacity of plate-stiffened CFDST
beams is assessed by applying Equations (1-2), formulated
as the sum of the contributions from the external tube,
internal tube, confined concrete, and plate stiffeners.
Furthermore, the influence of intermittent weld spacing on
the overall design capacity. The moment capacity of both
steel tubes and the sandwiched concrete is expressed in
Equation (3). The role of plate stiffeners in the ultimate
moment capacity is estimated utilizing Equation 4. In
Equation (1), n represents the number of plate stiffeners.

M,,=M,+n. M, ©))
Ms=M,X feef feco @)
My=YA4o. fro.Zo+ TAi-fiZi+ BAc-fo Ze 3)
M= Y(Fy.2) )

To obtain the confined concrete strength, /. , follows
the approach of (Cusson & Paultre 1994). As this study
employs a compressive strength value, f, that obtained
from 150 mm cube tests, it is converted to cylinder strength,
J/.'using L’Hermite’s conversion equation (Mirza & Lacroix
2004).

£/ =10.76 + 0.2 Logio (fou/19.6)]. fuu )

Jee =f' [ 1-0tkp (6)

kp =2.368 (nlw/1+95+4.1 7)
The confinement efficiency factor, & is adopted from
(Thomas & Sandeep 2020). The parameter n represents
the number of plate stiffeners utilized, / specifies the weld
hole diameter, and s corresponds to the intermittent weld
spacing. As presented in Table 4, the experimental
outcomes are compared with the predicted ultimate
moment capacities. The average predicted-to-experimental
ratio was found to be closely match with a ratio of 0.96.
This demonstrated that the proposed design approach can
be confidently adopted to estimate the capacity of the
ultimate moment of plate-stiffened CFDST beams.

TABLE 4. Evaluation of Experimental Results Against the

Predicted Model
Ultimate Predicted
. moment, Moment, M /
Specimen “p
u,exp wp u,exp
(kN.m) (kN.m)
N200 77.9 72.5 0.93
N200/100 81.2 78.1 0.96
N200/100-1S-40¢ 86.9 85.8 0.99
N200/100-2S-40¢ 93.9 90.8 0.96
N200/100-1S-20¢ 89.6 87.7 0.97
N200/100-2S-20¢ 98.9 93.8 0.95
Average 0.96
Standard Deviation 0.02
Coefficient of 2.08%

Variation
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CONCLUSION

Flexural bending experiment was performed on six
composite beams, consisting of four plate-stiffened CFDST
beams, one unstiffened CFDST beam, and one CFST beam.
The fundamental result of the study reveals that closer
stiffener weld spacing and increased stiffener quantity
significantly enhance flexural capacity compared with the
unstiffened counterpart. Test data demonstrated that the
ultimate moment capacity varied with weld spacing, where
specimens with closer intermittent weld spacings achieved
greater ultimate flexural resistance. This improvement can
be attributed to the better attachment of the stiffeners and
indicating that weld spacing directly affects the efficiency
of plate stiffeners. By enhancing confinement provided by
the stiffeners, which delayed local buckling of the outer
tube that often develops in the upper half of CFDST beams
and improved stress transfer between the steel and concrete.
These observations highlight the crucial role of longitudinal
internal plate stiffeners in significantly improving the
flexural strength and overall structural performance of
CFDST beams.

Furthermore, increasing the number of stiffeners
contributes to greater resistance against buckling, provides
better confinement to the concrete. The deflection curves
behaved consistently, each resembling a half-sine wave
distribution along the beam length. This study develops a
predictive design model for estimating the ultimate moment
capacity of CFDST beams strengthened with plate
stiffeners. Moreover, this study provides valuable insights
on the ultimate moment capacity and deformation behavior
of CFDST beams incorporating intermittently welded plate
stiffeners. These findings support the use of intermittently
welded stiffeners as a cost-effective method to enhance the
flexural performance of rectangular CFDST beams in
building construction.
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