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Flexural behavior of FRP-HSC-steel composite beams
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a b s t r a c t

This paper reports on an experimental study on the flexural behavior of fiber reinforced polymer (FRP)-
high-strength concrete (HSC)-steel composite beams. Seven double-skin tubular beam (DSTBs) and a
concrete-filled FRP tube (CFFT) with an internal steel I-beam were tested as simply supported beams in
four-point bending. The main parameters of the experimental study included the cross-sectional shapes
of inner steel reinforcement and external FRP tube, concrete strength, presence (or absence) of concrete
filling inside the steel tube, and effects of the use of mechanical connectors on the inner steel tube. The
results indicate that DSTBs are capable of developing very high inelastic flexural deformations. However,
the results also indicate that slip between the concrete and the steel tube of the DSTB can be relatively
large, unless the bond between concrete and steel tube is enhanced through the use of mechanical
connectors. The results of the beam tests illustrate that the flexural behavior of DSTBs is influenced
significantly by the diameter and thickness of the inner steel tube. Concrete-filling the inner steel tube
and increasing the concrete strength increase the flexural capacity of DSTBs without affecting their
overall ductility. Furthermore, the shape of the inner steel tube influences both the flexural capacity of
DSTBs and the occurrence of slippage between the concrete and the inner steel tube. It is shown that the
bond slip between the concrete and inner steel tube can be prevented through the use of mechanical
connectors. These results are presented together with a discussion on the influence of the main
parameters on the flexural behavior of DSTBs.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The use of FRP composites in the form of concrete-filled FRP
tubes (CFFTs) for the construction of new high-performance
structural members has received significant recent attention, with
large numbers of studies reporting on the axial compressive [1–14]
and seismic behavior [15–20] of CFFT columns. The flexural
behavior of CFFTs has also been the focus of a number of studies
[21–24], and a few studies have reported on the flexural behavior
of CFFT beams reinforced with steel or FRP bars [25,26].

Following research on CFFTs, a new type of composite system
was proposed by Teng et al. (27) in the form of a FRP-concrete–
steel double-skin tubular (DST) column (DSTC). This composite
system consists of an outer FRP tube enclosing a hollow steel tube
with concrete sandwiched in between the FRP and steel compo-
nents. The resulting column combines the advantages of all three
materials to achieve a high-performance structural member.
A series of experimental studies have been conducted on the
axial compressive behavior of DSTCs [28–33]. The results of these

tests have demonstrated that the concrete in DSTCs is confined
very efficiently, which in turn results in a highly ductile member
behavior. A few studies have also reported on the lateral cyclic
behavior of DSTCs that were tested under combined axial com-
pression and lateral deformation reversals [34–36]. Reinforcing
the findings of the studies on the compressive behavior of CFFTs,
these studies revealed that DSTCs exhibit very high inelastic
deformation capacities under simulated seismic loading. To date,
only a single study has reported on the flexural behavior of DST
beams (DSTBs) [37], which was concerned with the behavior NSC
DSTBs manufactured with circular glass FRP external tubes. In
agreement with the findings of the studies on DSTCs, Yu et al. [37]
reported that DSTBs exhibit a very ductile response under flexure.
It was also noted, however, that significant slip occurred between
the inner steel tube and surrounding concrete of DSTBs.

Along with the studies on DST beams and columns, a number
of studies have also been carried out on a different type of
FRP-concrete–steel composite system that comprises CFFTs with
inner steel I-beams. These early studies on the axial compressive
[38–40] and flexural behavior [41] of this composite system
demonstrated some of its desirable properties, including a highly
ductile behavior.

As, to date, only a single study has dealt with the flexural behavior
of DSTBs and no study has reported on the flexural behavior of HSC
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DSTBs, additional studies are required to better understand and be
able to model the flexural response of these composite beams. To
contribute towards this end, this paper presents the first experimental
study on the flexural behavior of HSC DSTBs. The study was aimed at
investigating the influence of key parameters on the flexural behavior
of DSTBs, with particular emphasis placed on the interface-slip
behavior between steel tube and surrounding concrete. In addition,
to establish relative performances of the two aforementioned compo-
site systems, the behavior of a FRP-HSC-steel beam that was composed
of a CFFT and an inner steel I-beam was also experimentally
investigated. The main parameters of the study included the cross-
sectional shapes of inner steel reinforcement and external FRP tube,
concrete strength, presence (or absence) of concrete filling inside the
steel tube, and effects of the use of mechanical connectors to enhance
the bond between the steel tube and surrounding concrete. Flexural
behaviors of the beams were evaluated using the recorded load–mid-
span deflection relationships, with additional data provided by the
load–slip relationships measured at the ends of the specimens.

2. Experimental program

2.1. Test specimens

Six DSTBs with circular external FRP tubes and a DSTB with a
square FRP tube were manufactured and tested as simply supported
beams in a four-point bending setup under monotonic loading. In
addition, a single specimen that was composed of a circular CFFT
and an inner steel I-beam (i.e. I-CFFT) was also tested under the
same loading conditions. Each of the specimens was designed as a
flexural beam with a 150-mm cross-section. The corners of the
square CFFT were rounded with a 30-mm radius (R). The span,
measured between the center lines of the supports, was 1.3 m, and
the length of the constant moment region between the two point
loads was 0.3 m. Seven of the specimens were manufactured using
HSC and one with normal strength concrete (NSC). All the speci-
mens were confined with aramid FRP (AFRP) external tubes. Five of
the specimens were reinforced with circular inner steel tubes, two
with square inner steel tubes, and one with a steel I-beam. Of the
five specimens that were reinforced with circular inner steel tubes,
three were reinforced with tubes 114.3 mm in diameter and two
with 76.1 mm diameter tubes. One of the smaller-diameter speci-
mens was provided with mechanical connectors along the inner
steel tube. Table 1 provides a summary of material and geometric
properties of the test specimens, and Fig. 1 illustrates their
geometry.

The process of DSTB manufacture started with the manufacturing
of the outer FRP tube, followed by placing the inner steel tube inside
the FRP tube, which functioned as a stay-in-place form during the

concrete pour. Concrete mixtures were poured in the space between
FRP tube and the inner steel tube, except for DSTB-3 where the
concrete was also poured inside the inner steel tube. The process of
beam manufacture is illustrated in Fig. 2, with the properties of each
material used in the process supplied in the following section.

3. Material properties

3.1. FRP tubes

Aramid fibers were used to manufacture the outer FRP tube in all
the specimens. The tubes were manufactured using a manual wet lay-
up process, which involved wrapping epoxy resin impregnated fiber
sheets around precision-cut high-density styrofoammolds in the hoop
direction. FRP tubes of HSC DSTBs and I-CFFT were made of 2 layers of
FRP, whereas the tube of NSC DSTB had a single layer of FRP. FRP
sheets were wrapped around the molds one layer at a time, with an
overlap length of 100 mm provided for each layer to prevent pre-
mature debonding. The overlap region of each subsequent layer was
provided on the opposite face at a 1801 interval from the previous
overlap region. The tubes were manufactured in a manner that the
overlap regions formed continuous lines along the length of DSTBs,
which were oriented to correspond to the side faces of the beams. The
width of each fiber sheet was 300 mm and a small overlap of around
10mm was provided along the axial direction only to ensure
continuity of the tube. The epoxy resin was applied at the fiber sheet
coverage rate of 0.6 L/m2, which resulted in a ply thickness of 0.8 mm
for the resulting FRP composite. Table 2 provides the properties of
aramid sheets and epoxy resin used in the fabrication of the FRP tubes.

3.2. Concrete

Two different concrete mixes were used in the manufacture of
the specimens, namely the HSC mix and NSC mix. Both mixes
consisted of crushed bluestone as the coarse aggregate with a
nominal maximum size of 10 mm. Superplasticizer and silica fume,
added at 8% of the binder content by weight, were used in the HSC
mix. Test day concrete strengths of the specimens were obtained
through concrete cylinders tests. As shown in Table 1, test day
strengths of the HSC mixes varied slightly between 82 and 92 MPa,
and the strength of the NSC mix was established as 42 MPa.

3.3. Steel tubes

Five of the DSTBs had circular inner steel tubes with two
different external diameters (i.e. 114.3 and 76.1 mm) and thick-
nesses (i.e. 6.02 and 3.2 mm). One of the DSTBs with 76.1 mm
circular inner steel tube (i.e. DSTB-7) was manufactured with

Table 1
Properties of test specimens.

Specimens f0c (MPa) FRP tube Inner steel tube As/Ac

Shape n Shape D (mm) ts (mm) Inner void

DSTB-1 92 Circular 2 Circular 114.3 6.02 Empty 0.28
DSTB-2 92 Circular 2 Circular 76.1 3.2 Empty 0.06
DSTB-3 91 Circular 2 Circular 114.3 6.02 Filled 0.13
DSTB-4 42 Circular 1 Circular 114.3 6.02 Empty 0.28
DSTB-5 84 Circular 2 Square 100 6 Empty 0.27
DSTB-6 84 Square 2 Square 100 6 Empty 0.18
DSTB-7 91 Circular 2 Circular 76.1 3.2 Empty 0.07a

I-CFFT 82 Circular 2 Steel I-beam As in Fig. 1 – 0.10

f’c¼concrete strength, n¼number of FRP layers, D¼diameter of steel tubes, ts¼thickness of steel tubes, As/Ac¼reinforcement ratio.
a Includes the area of additional mechanical connectors.
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additional steel rings made of 8-mm diameter steel reinforcement,
which were welded on the steel tube along its length at 80-mm
spacing. Two of the specimens had a 100 mm square inner steel
tube with a thickness of 6 mm. I-CFFT was constructed with an I-
beam steel section with a 125 mm height, a flange width of
65 mm, a web thickness of 5 mm, and a tapered flange that varied
from 5.5 mm to 8.5 mm in thickness. The exact dimension of the
steel I-beam section is shown in Fig. 1. The material properties of
the steel tubes were determined by testing five steel coupons cut
from the original tube. The coupon specimens of the steel I-beam
were cut from the web section as the flanges were tapered.
Material properties of inner steel sections, established from
coupon tests, are reported in Table 3 together with the properties
of 8-mm diameter bars used in DSTB-7, established from direct
tension tests.

3.4. Instrumentation, test setup and loading program

The specimens were instrumented with linear variable displa-
cement transformers (LVDTs) at mid-span, the point of application

of concentrated loads, and at the mid-distance between loading
points and supports to record the vertical displacements along the
beam. Furthermore the specimens were instrumented with 2 addi-
tional LVDTs at both ends of specimen to measure the slippage at
steel tube–concrete and FRP tube–concrete interfaces. The acquisi-
tion of hoop strain data on FRP tubes was of particular interest to
better understand the activation of the confinement mechanism
and strain distribution at mid-span, two loading points and at
mid-distance between loading points and supports. As illustrated
in Fig. 3c, 12 strain gauges were bonded to each FRP tube in the
hoop direction, and 10 strain gauges were placed axially.

To observe the behavior of the inner steel reinforcement (i.e.
steel tubes and I-beam), 10 strain gauges were placed axially at
the: (i) mid-span, (ii) two loading points and (iii) one of the
sections in the mid-distance between the support and the
adjacent loading point (i.e. Section A in Fig. 3c). The 1.3 m long
beams were tested using a four-point bending setup. The load
was transferred from the actuator to the test beam through a
steel loading beam at two locations spaced 0.3 m apart. The load
was applied monotonically in displacement control at a rate of
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Fig. 1. Cross-sections of test specimens.
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1 mm/minute. The test setup and instrumentation are illustrated
in Fig. 3.

4. Test results

4.1. Specimens at the end of testing

The tests of all the specimens were stopped after excessive
deformation of the specimens, at which point it was no longer
possible to maintain symmetrical loading conditions. Fig. 4

illustrates the condition of each specimen after testing, including
the most damaged region of the concrete after the removal of FRP
tube shell, and the condition of the inner steel reinforcement after
the removal of both the FRP tube and concrete.

None of the DSTBs demonstrated any sign of FRP tube rupture. The
gap opening along the longitudinal axis of the FRP tubes was observed,
which was caused by significant inelastic deformation experienced by
the specimens along their mid-span regions. Removal of the FRP tube
revealed that the concrete inside the most damaged regions was
cracked in several locations along the beam length within the tension
region, as shown in Fig. 4. The number and spacing of the concrete

Fig. 2. Manufacturing process: (a) steel tubes; (b) manufacturing of FRP tubes; (c) specimens before concrete pouring; (d) specimens after concrete pouring.

Table 2
Material properties of fiber sheets and epoxy resin used in FRP tubes.

Type Nominal thickness
tf (mm/ply)

Provided by manufacturers Obtained from flat FRP coupon tests

Tensile strength
ff (MPa)

Ultimate tensile strain,
εf (%)

Elastic modulus
Ef (GPa)

Tensile strength
ffrp (MPa)

Ultimate tensile strain,
εfrp (%)

Elastic modulus
Efrp (GPa)

Aramid 0.200 2600 2.50 118.0 2390 1.86 128.5
Epoxy Resin 450 2.50 43

Table 3
Material properties of inner steel sections.

Steel section Designation Yield stress,
fy (MPa)

Ultimate tensile stress,
fu (MPa)

Ultimate tensile strain,
εu (%)

Rupture strain,
εr (%)

Tube 1 114.3 mm circular 436 490 9.5 19.4
Tube 2 76.1 mm circular 398 483 6.9 22.0
Tube 3 100 mm square 411 470 7.7 16.5
I-beam 125 TFB 418 498 6.4 15.7
Steel rings 8-mm diameter bars 546 612 8.1 18.5
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cracks were observed to be slightly different for each beam. The
presence of mechanical connectors in DSTB-7 resulted in the localiza-
tion of tension cracking, where the beam developed a single major
crack at a location where the inner steel tube exhibited significant
plastic deformation. This formation can be attributed to the stronger
concrete–steel tube interface bond of DSTB-7, and resulting restraint
provided by the inner steel tube against the opening of cracks in
concrete. Fig. 4 also shows the condition of the inner steel reinforce-
ments after the removal of the FRP shell and surrounding concrete. As
evident from the figure, inner steel reinforcements of all specimens
exhibited significant plastic deformation along the constant moment
regions of the beams.

4.2. Load–deflection relationships

All the specimens showed an almost bi-linear load–deflection
relationship with a smooth transition region, as shown in Fig. 5.
The majority of the specimens exhibited an almost flat second branch
with only a slight decrease in their flexural strengths. The specimen
with an inner steel I-beam (I-CFFT), on the other hand, showed a
monotonically ascending load–deflection relationship throughout its
loading history.

Table 3 provides the recorded data corresponding to the
important coordinates of the load–deflection relationships,
namely the peak load (Ppeak), recorded mid-span deflection at
the peak load (Δpeak), mid-span deflection at ultimate (Δult) where
testing was stopped, load at ultimate (Pult), and steel tube slip.
Peak moment (Mpeak) and moment at ultimate (Mult), which were
calculated from the recorded loads, are also provided in Table 3.
A detailed discussion on the influences of the test parameters on
the trends of the load–deflection relationships of the DSTBs is
provided later in the paper.

4.3. Load–slip relationship

4.3.1. Load–slip relationship between concrete and FRP tube
The slips between the FRP tube and concrete was measured

by LVDTs that were attached to the FRP tube surface, with the
stroke pointed to the concrete section as shown in Fig. 3b. Fig. 6
illustrates the FRP tube–concrete load–slip relationships of the
specimens. As evident from Fig. 6, the slip between FRP tube and
concrete was insignificant, with a maximum recorded value of
0.06 mm. This finding is in agreement with the one previously
reported in Yu et al. [37], and it can be attributed to the fiber

A B C D

= Axial strain gauge

=Hoop strain gauge

A, B

P/2 P/2

250 mm

500 mm

800 mm

650 mm

A, B, D C

On FRP tube On steel tube

C D

LVDTs to measure displacement

1300 mm

300 mm

Loading beam

Hydraulic actuator

LVDTs to measure slippage

Fig. 3. Test setup and instrumentation: (a) illustration of the test setup; (b) locations of LVDTs used to measure slips; (c) strain gauge locations.
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orientation of FRP tubes, which resulted in minimal axial stiffness
of the tubes. It might be worth noting that no slippage data was
provided for DSTB-3, DSTB-5 and DSTB-6 because of the absence of
the instrumentation on these specimens.

4.4. Load–slip relationship between concrete and steel tube
The slips between the concrete and the steel tube for each

specimen was measured by LVDTs that were attached to the surface
of the FRP tubes with the stroke pointed to the inner steel tube, as
illustrated in Fig. 3b. These readings were then corrected for FRP tube–
concrete slips to obtain the slippage between the steel tube and
concrete. The load–slip relationship of each column is provided in
Fig. 7. In DSTB-3, with concrete-filled inner steel tube, the load–slip
relationship between the steel tube and the inner concrete core was

also measured and shown in Fig. 7. In each specimen, the majority of
the slippage occurred beyond 75% of maximum recorded load (Ppeak),
prior to which slippage was minimal.

The maximum recorded slip among all specimens was around
9mm, which was observed in DSTB-2, with a 76.1-mm diameter inner
steel tube. Increasing the diameter of the inner steel tube to 114.3 mm
reduced slippage by around 40%, with DSTB-1 exhibiting 5.5 mm
slippage. As illustrated in Fig. 7, there was almost no interface-slip in
DSTB-7, which was constructed with a 76.1-mm inner steel tube that
was fitted with steel rings. This can be attributed to the increase in the
bond strength between the steel tube and concrete due to the
mechanical interlock provided by the steel rings, very much like it
was observed in the case of deformed bars in concrete (e.g. [42]). Fig. 7
also illustrates that the specimen with an inner steel I-beam (I-CFFT)
exhibited almost negligible interface-slip compared to the specimens

Fig. 4. Specimens after testing. (a) DSTB-1, (b) DSTB-2, (c) DSTB-3, (d) DSTB-4, (f) DSTB-5, (g) DSTB-6, (h) DSTB-7 and (i) I-CFFT.
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having inner steel tubes with no mechanical anchors. This can be
explained by the increased relative surface area of the steel I-beam
section and the way the steel section was surrounded by the concrete.

As can be seen in Fig. 7, the DSTBs with square inner steel tubes
(DSTB-5 and DSTB-6) showed slightly smaller interface-slips than the
circular inner steel tube DSTB with a similar cross-sectional area
(DSTB-1). Almost identical slips observed in DSTB-5 and DSTB-6
indicates that the cross-sectional shape of the external steel tube
had no major influence on the slip behavior of these specimens. It can
also be seen in Fig. 7 that the DSTB-4, manufactured with a NSC,
exhibited a slightly larger interface-slip than the companion HSC
specimen, DSTB-1. Fig. 7 also illustrates that the specimen with a
concrete-filled inner steel tube (DSTB-3) exhibited a slightly smaller

slip that the companion specimen with a hollow inner steel tube
(DSTB-1). It can be observed in Fig. 7 that the slip at the interface of
the steel tube and inner concrete core that was surrounded by it was
negligible. This full bond behavior can be attributed to the high
frictional forces developed at this interface, which resulted from the
confining forces exerted by the steel tube to the core concrete.

5. Analysis and discussion

5.1. Influence of test parameters on beam behavior

5.1.1. Effect of diameter and thickness of inner steel tube
The effect of the diameter and thickness of the inner steel tube

on the flexural behavior of the DSTBs was investigated by
comparing DSTB-1 and DSTB-2. DSTB-1 was reinforced with an
inner steel tube 114.3-mm in diameter and 6.02-mm in thickness,
whereas DSTB-2 was reinforced with a 76.1-mm diameter inner
steel tube with 3.2-mm thickness. DSTB-1 developed a peak load
(Ppeak) of 153.2 kN at 80.8 mmmid-span deflection, whereas DSTB-
2 was able to sustain a peak load (Ppeak) of only 38.8 kN at 57.9 mm
mid-span deflection. These specimens exhibited load–deflection
curves with similar trends, both exhibiting almost flat second
branches.

5.1.2. Effect of cross- sectional shape of inner steel tube
The effect of cross-sectional shape of inner steel tube was

investigated by comparing the behaviors of DSTB-1 (circular inner
steel tube) and DSTB-5 (square inner steel tube). The inner steel
tubes of these specimens were similar in thickness and cross-
sectional area, which resulted in similar reinforcement ratios (As/
Ac) as shown in Table 1. As can be seen in Fig. 5, load–deflection
curve of DSTB-5 started exhibiting a slow and steady decline after
the attainment of the peak load of 170.4 kN at 41.6 mm mid-span
deflection. As illustrated in Table 4, the peak load of DSTB-1 (i.e.
153.2 kN) was lower than that of DSTB-5, but it was attained at a
higher mid-span deflection (i.e. 80.8 mm). The higher flexural
capacity of DSTB-5 can be attributed to its more efficient inner
steel reinforcement placement, with more reinforcement near the
extreme tension and compression fibers.

The influence of different forms of inner steel reinforcement
was also investigated by comparing I-CFFT with DSTB-3, with a
concrete-filled inner circular steel tube. I-CFFT exhibited an
ascending second branch in its load–deflection curve, whereas
DSTB-3 had a curve with a slightly descending second branch. The
peak load of DSTB-3 was 190.5 kN, and it was recorded at 75.3 mm
mid-span deflection, whereas I-CFFT reached 165.6 kN of peak
load at 89.5 mm mid-span deflection. The higher load capacity of
DSTB-3 can be attributed to the higher reinforcement ratio (As/Ac)
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Table 4
Test results.

Specimens Ppeak
(kN)

Mpeak

(kN m)
Δpeak

(mm)
Pult
(kN)

Mult

(kN m)
Δult

(mm)
Steel tube
slip (mm)

DSTB-1 153.2 38.3 80.8 152.4 38.1 82.6 5.6
DSTB-2 38.8 9.7 57.9 38.3 9.6 84.7 9.0
DSTB-3 190.5 47.6 75.3 188.8 47.2 81.5 4.0
DSTB-4 141.9 35.4 60.6 140.2 35.1 79.5 6.6
DSTB-5 170.4 42.6 41.6 162.8 40.7 65.5 4.1
DSTB-6 179.6 44.9 29.5 161.2 40.3 90.1 4.1
DSTB-7 67.7 16.9 24.3 63.7 16.0 87.1 0.008
I-CFFT 165.6 41.4 89.5 165.6 41.4 89.5 0.004

Ppeak¼peak load, Δpeak¼recorded mid-span deflection at the peak load, Δult¼mid-
span deflection at ultimate, Pult¼ load at ultimate, Mpeak¼peak moment, Mult¼mo-
ment at ultimate.
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of the specimen, as shown in Table 1. The hardening type response
of I-CFFT compared to the softening response of DSTB-3 suggests
that the specimen with an inner steel I-beam had a more favorable
neutral axis depth progression compared to the specimen with an
inner circular tube resulting in increased moment capacities with
increasing deformations.

5.1.3. Effect of FRP tube sectional shape
The effect of the sectional shape of the FRP tube was investi-

gated by comparing DSTB-5 (circular FRP tube) with DSTB-6
(square FRP tube). These specimens were reinforced with identical
square inner steel tubes, and they both exhibited load–deflection
curve with slightly descending second branches. The peak load of
DSTB-5 was 170.4 kN and it was recorded at 41.6 mm mid-span
deflection, whereas DSTB-6 reached 179.6 kN of peak load at
29.5 mm mid-span deflection. As expected, due to its larger
cross-sectional area the square DSTB exhibited a higher moment
capacity. Similar trends of the load–deflection relationships of
these specimens suggest that both the circular and the square tube
with 30-mm radius of corners provided sufficient confinement
leading to a ductile behavior.

5.1.4. Effect of filling the inner steel tube with concrete
The effect of filling the inner steel tube with concrete can be

ascertained by comparing the behavior of DSTB-1, which had a
hollow inner steel tube with that of DSTB-3, with a concrete-filled
inner steel tube. In a similar trend, both specimens showed an
almost flat second branch in their load–deflection curves. Due to
the increased area of concrete, a higher peak load was recorded for
DSTB-3 (190.5 kN at 75.3 mm mid-span deflection) than DSTB-1
(153.2 kN at 80.8 mm of mid-span deflection). These observations
indicate that concrete filling of inner steel tube can enhance the
flexural capacity of DSTBs, without affecting their ductility.

5.1.5. Effect of concrete strength
The effect of concrete strength on the flexural behavior of the

DSTBs was investigated by comparing DSTB-1, which was made of
92 MPa of concrete mix, with DSTB-4 manufactured using 42 MPa
concrete. The FRP tubes of these specimens were manufactured
using different numbers of FRP layers according to the strength of
the concrete to ensure the specimens had similar nominal con-
finement ratios (flu/f0c), which were calculated by dividing the
ultimate confining pressure (flu) with concrete cylinder strength
(f’c):

f lu ¼
2:f f u:tf

D
ð1Þ

where ffu¼ultimate tensile strength of fibers, tf¼total fiber thick-
ness of the FRP tube, and D¼ internal diameter of the FRP tube.
DSTB-1 was, therefore, confined by two layers of AFRP, whereas
DSTB-4 was confined by a single layer of AFRP, which resulted in
the nominal confinement ratios (flu/f0c) of 0.15 and 0.17,
respectively.

As mentioned previously, DSTB-1 exhibited a load–deflection
relationship with an almost flat second branch, with peak load of
153.2 kN attained at 80.8 mm mid-span deflection. Likewise, the
load–deflection relationship of DSTB-4 shown in Fig. 5 illustrates
an almost flat post peak behavior, with the peak load of 141.9 kN
was attained at 60.6 mm mid-span deflection. The higher max-
imum load capacity of DSTB-1 over DSTB-4 was expected, and it
can be attributed to the higher concrete strength of the former
specimen. These results indicate that NSC and HSC DSTBs with
similar confinement levels (i.e. flu/f0c) develop similar inelastic
load–deflection behaviors.

5.1.6. Effect of using mechanical connectors
The effect of using mechanical connectors, in the form of steel rings

welded on the inner steel tubes, on the flexural behavior of the DSTBs
was investigated by comparing DSTB-2 and DSTB-7. Both beams were
reinforced with a 76.1-mm diameter inner steel tube, except that the
steel inner tube of DSTB-7 was designed with additional steel rings
made of 8-mm diameter steel reinforcement with a yield strength of
546MPa. These rings were welded on the steel tube at 80-mm
spacing along its length to increase the bond between the steel tube
and concrete. As can be seen in Fig. 5, DSTB-2 and DSTB-7 exhibited an
almost identical trend in their load–deflection curves, except DSTB-7
experienced a rapid decline in its capacity around 80mm mid-span
deflection, suggesting that the eventual failure of the specimen was
near. Such a declined was not observed in DSTB-2, suggesting that the
use of mechanical anchors may result in a reduction in the inelastic
deformation capacities of DSTBs. This reduction can be attributed to
the elimination of the additional deformations caused by slippage
through the use of mechanical connectors.

As evident from Table 4, the addition of mechanical connectors
provided a significant increase in specimen flexural capacity, with
peak load increasing from 38.8 kN in DSTB-2 to 67.7 kN in DSTB-7.
As discussed previously, a significant reduction of slip was recorded
for the specimen fitted with the connectors, which changed the
partial interaction behavior observed in DSTB-2 to full interaction
behavior. The significant portion of the increase in the flexural
capacity can be attributed to this change in the bond behavior of the
steel tube–concrete interface. In addition, steel rings increased the
overall cross-sectional area of the steel reinforcement by approxi-
mately 20%, which in turn resulted in a further increase in the
flexural capacity of DSTB-7.

5.2. Analysis of progression of neutral axis depths

The locations of the neutral axes were established using the
maximum strains recorded at the mid-span on the extreme compres-
sion and tension fibers of the inner steel tube, established based on
the load–axial strain relationships shown in Fig. 8. It is worth noting
that the recorded strains were limited to the valid strain gauges
readings and it was not possible to obtain complete load–strain curves
for all specimens. For this reason the mid-span deflections corre-
sponding to the maximum recorded strains are also provided in Fig. 8.
Fig. 9 illustrates variation of the normalized neutral axis depths (c/D)
with the applied load for all the specimens. The figure illustrates that
the neutral axis depths of the specimens initially decreased, and later
stabilized at a value below 0.5 in all the specimens.

Fig. 9 illustrates that the c/D values of DSTB-5 with NSC was
higher than the companion HSC specimens, DSTB-1. This was
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force equilibrium is attained at a lower neutral axis depth. The
investigation of the neutral axis depths of DSTB-2 and DSTB-7 in
Fig. 9 indicates that the neutral axis depth increased with the
presence of the mechanical connectors. This can be explained by
increased tension forces of the latter specimen resulting from an
increased bond at its concrete–steel tube interface due to the
presence of mechanical connectors.

The comparison of neutral axis depths of DSTB-5 and DSTB-6 in
Fig. 9 shows that DSTB-6 with a square FRP tube had a lower c/D ratio
until the final stages of testing compared to the companion specimen
with a circular FRP tube. This can be attributed to the increased
concrete cross-sectional area of the square specimen in the compres-
sion zone. The comparison of I-CFFT with DSTB-3, with a concrete-
filled inner steel tube, in Fig. 9 indicates that I-CFFT had a higher c/D
ratio than DSTB-3. This can be explained by the influence of the
slightly lower concrete strength of the former specimen and more
efficient placement of its inner steel reinforcement, with more
reinforcement placed closer to the extreme fibers.

6. Conclusions

This paper has presented the results of an experimental study
on the flexural behavior of FRP-HSC-steel composite beams. Based
on the results presented in the paper, the following conclusions
can be drawn:

1. DSTBs exhibit excellent load–deflection behaviors with high
inelastic deformations and minimal strength degradations.
However, relatively large slips can occur at the concrete–steel
tube interface of DSTBs, unless the interface bond is enhanced
through the use of mechanical connectors.

2. Like DSTBs, the composite CFFT with an inner steel I-beam
investigated in this study is capable of developing a very ductile
flexural behavior. Furthermore, unlike DSTBs, this composite
system exhibits very little to no slippage at the concrete–steel
tube interface.

3. NSC and HSC DSTBs with similar confinement levels (flu/f0c)
develop similar inelastic load–deflection behaviors.

4. FRP tube shape has only a minor influence on the flexural
behavior of DSTBs, with companion square and circular speci-
mens demonstrating load–deflection curves with similar gen-
eral trends.

5. Flexural capacities of DSTBs can be further enhanced through
concrete-filling of their inner steel tubes. No detrimental
influence of concrete-filling was observed on the ductility
of DSTBs.

6. It is observed that increasing the diameter of the inner steel
and concrete strength both result in reduced interface-slip
between concrete and steel tube, and that DSTBs with square
inner steel tubes experience slightly smaller interface-slips
compared to the companion circular tubes.

7. Mechanical connectors welded on the inner steel tube along
the hoop direction eliminate slippage, which in turn results in
a significant increase in the flexural capacity of the DSTB.
Therefore, the use of mechanical connectors can be considered
as an efficient means for reducing the relatively large slippage
that occurs between concrete and inner steel tube of DSTBs.

Because the majority of the specimens of the present study were
manufactured with HSC, it is suggested that the above conclusions be
considered applicable only to HSC DSTBs until their validity is
verified for NSC specimens through additional tests.
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