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A B S T R A C T   

FRP-confined concrete/UHPC (ultra-high-performance concrete) core-encased rebar (FCCC-R) is a recently 
developed novel structural component for FRP-concrete composite structures. FCCC-R utilization can improve 
both the strength and ductility of composite structural members under both axial compression and combined 
bending-compression loading. When implemented in vertical structural members such as columns and shear 
walls with a low shear-span ratio, FCCC-Rs are subjected to combined axial compression and shear. In this study, 
the shear behaviour of FCCC-Rs is experimentally investigated. A total of 28 FCCC-R specimens are tested. The 
failure mechanism and modes, the load–deflection curves and the ultimate strength were obtained from the 
experiments. The FCCC-Rs exhibited higher load capacity and deformability. It could be concluded that the 
combination of the FRP tube, concrete and rebar can achieve the effect of “1+1+1>3”. Furthermore, the in-
fluence of the shear-span ratio, concrete strength, tube thickness and fibre orientation are examined. Finally, 
design equations for the shear strength of FCCC-Rs are proposed, which attain a good agreement with the test 
data.   

1. Introduction 

As a linear elastic material with a relatively high rupture strain, fibre- 
reinforced polymers (FRPs) can provide passive confinement to concrete 
structural members under compression [1,2]. In particular, regarding 
passively confined concrete with a uniformly distributed lateral 
confining stress, e.g., FRP-confined circular columns under axial 
compression, the stress–strain curve can exhibit a bilinear response with 
a second ascending portion. Numerous theoretical models have been 
developed to describe and predict this kind of behaviour [1–4], and the 
mechanisms of both analysis- and design-oriented models were explic-
itly explained by Yang and Feng with a 3D geometrical approach [5–7]. 
Inspired by the behaviour of passively confined concrete, various FRP- 
concrete or FRP-steel–concrete composite structural members have 
been proposed by researchers [8–10]. In the early stage, concrete-filled 
FRP tubes (CFFTs) were developed [11], which can be directly 
employed as columns or piers. In CFFTs, filament-wound FRP tubes not 
only function as external confining materials but also function as moulds 
for concrete pouring, which is convenient for construction. FRP tubes 
can also protect the inner part of composite members from corrosion, 

making these tubes a viable solution for structures in aggressive envi-
ronments, such as marine structures [12]. 

Although CFFTs attain an excellent performance under axial 
compression, the strength enhancement for eccentrically loaded CFFTs 
is limited, which is attributed to the nonuniformly distributed confining 
stress across the concrete section. To overcome this limitation, the au-
thors’ research group proposed composite column sections with con-
crete locally confined by CFFTs, i.e., the FRP-confined concrete/UHPC 
(ultra-high-performance concrete) core (FCCC) [8,9]. In terms of use, 
the CFFT as a column and the CFFT as an embedded reinforcement in a 
structural member (i.e. FCCC) are two different application forms of FRP 
confined concrete. The former works independently and the latter works 
with the encasing concrete and stirrups. In the composite section, FRP 
tubes are located in regions under high compressive stress to improve 
the confining efficiency (Fig. 1a). Based on the FCCC concept, the au-
thors further developed the FRP-confined concrete core-encased rebar 
(FCCC-R), in which a high-strength steel bar is encased in the FCCC, as 
shown in Fig. 1b [13–15]. FCCC-R application provides two major ad-
vantages: (1) locally confined concrete can produce a bilinear response 
when subjected to compression, which can enhance the compressive 
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strength and ductility of the composite member; (2) FCCC-Rs can pre-
vent longitudinal high-strength steel bars from premature buckling and 
can allow high-strength steel bars to reach the yield strength under 
extreme loading conditions such as earthquakes or sudden failure of 

adjacent structural members. Hence, this can reduce the possibility of 
progressive building collapse. Recent tests also confirmed the perfor-
mance of RC shear walls embedded with FCCCs or FCCC-Rs [16,17]. 
With a proper arrangement of FCCC or FCCC-R components, the 

Fig. 1. Concept and development of the composite structural elements with FCCCs/FCCC-Rs.  
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ductility of the shear walls was enhanced up to 187 %. Previous studies 
also demonstrated that FCCC-R components are not only axially com-
pressed but also subjected to shear (Fig. 1c) [16,17]. Therefore, it is of 
great importance to investigate the shear behaviour of FCCC-Rs to 
further develop a design method for composite structural members 
containing FCCC-Rs. 

Existing studies are mainly concerned with the shear behaviour of 
CFFTs. Seible [18] proposed bridge pier retrofitting with CFFTs and 
derived equations for shear capacity prediction with a multi-component 
additive model similar to that for reinforced concrete members under 
cyclic shear loads. However, the model proposed by Seible neglected the 
bi-axial stress state and curvature [19]. Davol [20] and Burgueño [21] 
conducted scaled and full-scale CFFT four-point bending tests, respec-
tively, and they analysed the deformation mode of CFFTs under shear 
load. Thereafter, Burgueño and Bhide [22–23] proposed analytical 
models for the shear load-deformation behaviour of CFFTs involving 
sectional-layered analysis. Ahmad [24] and Ahmad et al. [25] con-
ducted bending tests of 10 short CFFT specimens and proposed analyt-
ical models based on strut-and-tie theory to predict the shear strength. 
This series of studies indicated that shear failure only occurs in speci-
mens with a shear-span ratio lower than 1.0, and both the concrete 
strength and fibre orientation in FRP tubes can influence the load- 
bearing capacity of CFFT specimens. Therefore, with proper design, 
CFFTs can achieve optimal performance. Regarding CFFTs with longi-
tudinal reinforcements, Fam and Cole [26] tested 14 steel- or FRP bar- 
reinforced CFFT specimens with shear-span ratios between 1.0 and 2.0 
under monotonic bending loads, and the behaviours of reinforced CFFTs 
under cyclic flexural loads were studied by Shi et al. [27]. For the CFFT 
as a column, its length is generally much larger than its diameter. In 
other words, it works with a large shear-span ratio. Besides, it generally 
bears a heavy axial load and less shear load. Therefore, researchers 
showed limited concern about the CFFT’s shear performance especially 
for the case that the shear-span ratio is lower than 1.0. However, when 
the CFFT is embeded in a column or shear wall, the shear action is 
localised at the shear crack reagion, leading to a quite low shear-span 
ratio. Therefore, studies of the shear behaviour of FCCC-Rs, especially 
with a shear-span ratio under 1.0 are necessary. 

To bridge this research gap, 28 FCCC-R specimens were designed and 
tested in this study to investigate the shear behaviour of these novel 
structural components. The specimens were tested under three-point 
bending, and the influence of the shear-span ratio, concrete strength, 
tube thickness and fibre orientation were investigated. Finally, design 
equations for the shear strength of FCCC-Rs were proposed, which 
attained a good agreement with the test data. 

2. Experimental setup 

2.1. Details of the specimens 

All the FRP tubes used for FCCC-R specimen casting have the same 
inner diameter, namely, 100 mm. A high-strength steel bar with a 
diameter of 18 mm is encased along the central axis of the FRP tube in 
each specimen. A test specimen is schematically shown in Fig. 2, where 
H denotes the length of the shear-span and D0 denotes the inner diameter 
of the FRP tube. 

There are 14 types of designed specimens with four variables 
investigated, i.e., shear-span ratio (λ), compressive strength of the 
infilling material (fc), tube thickness (t) and fibre orientation (θ, which 
denotes the angle between the fibre direction and the tube axis). The 
shear-span ratio is calculated as λ = H/D0 and is set to 1.0, 0.5 or 0.2 by 
varying the H value of the test specimens. Two types of ordinary con-
crete (strength grade C40/C60) and UHPC are designed as infilling 
materials for the FCCC-R specimens. Additionally, two thicknesses of the 
FRP tubes (t = 3 mm and t = 4 mm) are tested, and two types of fibre 
orientations (θ=±85◦ and θ=±60◦) are investigated. The FRP tubes with 
fibre orientations of ± 60◦ have been widely-used in all kinds of sce-
narios and are the easiest to obtain. According to the studies of the CFFT 
columns, the CFFT adopting the FRP tube with the fibres aligned near 
the hoop direction exhibited better axial performance [7,28]. Therefore, 
the FRP tubes with these two fibre orientations were adopted. In addi-
tion, two types of CFFT specimens and a group of reinforced concrete 
cylinders without FRP tubes are tested as control specimens. There are 
two identical test specimens in each case. Details of the test specimens 
are listed in Table 1. The specimens are labelled as follows: T[tube 
thickness]A[fibre orientation]-[concrete type]R-[shear-span ratio]-[spec-
imen number]. Regarding the tube thickness, T3 and T4 indicate t = 3 
mm and t = 4 mm, respectively. In terms of the fibre orientation, A85 
and A60 indicate θ values of ± 85◦ and ± 60◦, respectively. For example, 
specimen T3A85-C40R-0.5-1 represents the first specimen with t = 3 
mm, θ=±85◦, concrete type C40, with an encased rebar and λ = 0.5. 
When the letter "R" is ommitted, it represents a CFFT without encased 
rebar. 

2.2. Material properties 

Two types of ordinary concrete and UHPC are employed as infilling 
materials for the FCCC-R specimens. The target cube strengths of C40 
and C60 concrete are 40 MPa and 60 MPa, respectively, and the target 
strength of UHPC is 120 MPa. The ordinary concrete is ready-mix pro-
vided by a local supplier. UHPC is prepared from commercial mixed 

Fig. 2. Schematic diagram of a specimen.  
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materials with a water-to-cement ratio of 0.18. The UHPC contains 
discrete steel fibres with a fibre volume of 1 %. The determined 150-mm 
cube strengths of C40 and C60 are 52.1 MPa and 64.5 MPa, respectively, 
and the determined 100-mm cube strength of UHPC is 125.6 MPa. With 
the determined cube strength, the compressive strength (fc) is calculated 
according to Chinese code GB50010 [29,30] and Lv et al. [31], as listed 
in Table 2. The calculated material properties are adopted in analytical 
modelling. The encased high-strength steel bars of grade PSB830 exhibit 
a diameter of 18 mm. Three steel bar specimens are tested in tension, 
and the average yield strength and ultimate strength are 978 MPa and 
1152 MPa, respectively. 

The FRP tubes used in this study consist of 2400 tex E-glass fibres and 
epoxy resin. There are three types of tubes for specimen casting, 
including a tube with a winding angle of 60◦ with a nominal thickness of 
3 mm, a tube with a winding angle of 85◦ with a nominal thickness of 3 
mm, and a tube with a winding angle of 85◦ with a nominal thickness of 
4 mm, i.e., T3A60, T3A85 and T4A85, respectively. The lateral strength 
and stiffness of these FRP tubes are obtained by splitting the disk test 
according to ASTM D2290-12 [32]. Detailed properties of the FRP tubes 
are reported in Table 3. 

2.3. Test setup and instrumentation 

All FCCC-R specimens are tested under symmetrical three-point 
bending. The test setup and instrumentation are shown in Fig. 3. The 
cylindrical specimens are simply supported by arch-shaped steel sup-
porters. Arch-shaped supporters and loading plate have the same cur-
vature with the FRP tube, which can increase the contact area and 
relieve the stress concentration significantly. The load is applied through 
an arch-shaped loading plate by a 3000 kN testing machine. It should be 
noted that H is the distance between the edge of the supporters and the 
loading plate. The loading rate is displacement controlled as 0.1 mm/ 
min. 

Five LVDTs are installed to measure the displacement of the speci-
mens, as shown in Fig. 3, in which LVDT-1 measures the mid-span 
deflection, and LVDT-2 and LVDT-3 measure the deformation at the 
supports. LVDT-2 and LVDT-3 are affixed to extra shelves, ensuring that 
the measured displacement is the absolute displacement of the 

supporters. LVDT-4 and LVDT-5 measure the slip between the FRP tube 
and inner concrete with one end fixed to the concrete surface and the 
other end attached to the FRP tube. Eight strain gauges are uniformly 
distributed at the middle of one of the shear spans to measure the hoop 
strains of the FRP tube. Additionally, longitudinal and 45◦ inclined 
strain gauges are installed at the centre of both shear spans to obtain the 
principal strain of the FRP tube. The arrangement and labelling of the 
strain gauges are shown in Fig. 3. 

3. Experimental results 

3.1. Behaviours and failure modes 

The shear force (V) versus mid-span deflection (δ) responses of the 
test specimens can be classified into three typical types, as shown in 
Fig. 4. All three types of V-δ curves contain an almost linear ascending 
portion in the beginning. In terms of the type 1 curves, brittle failure 
occurs after the peak load with a sudden loss of strength. Among the type 
2 curves, there is a sudden drop in load after the peak point. However, V 
still increases with δ at a lower rate and finally gradually decreases. 
Regarding the type 3 curves, after the initial linear potion, the stiffness 
gradually decreases before reaching the maximum load, and the load 
then decreases slowly until extreme deformation occurs in the speci-
mens. Among the three types of V-δ responses, type 1 indicates brittle 
failure, while types 2 and 3 indicate ductile failure. 

The shear performance of the FCCC-Rs depends on the shear resis-
tance of the concrete, the dowel action of the steel rebars and the shear 
resistance of the FRP tubes similar to that of stirrups but is not a simple 
superposition of these components. The above three shear resistance 
types are manifested at different levels of displacement. To explain the 
relationship between the shear performance of the FCCC-Rs and the 
contribution of each component, the failure process of the specimens is 
divided into four stages, as shown in Fig. 5. It should be noted that for 
the FCCC-R specimens, only the cracks of the FRP tube could be seen 
during the tests and the crack patterns of the internal concrete were 
observed after removing the external FRP tube after the tests. In the 
beginning, all materials remain elastic, and the load-deflection curves 
are linear. With increasing applied load, the sound of concrete cracking 
can be heard, and slip between the FRP and concrete can be observed via 
the installed LVDTs, but there is no obvious visual phenomenon. At this 
stage, the load increases almost linearly at a lower rate than that at the 
elastic stage. At stage three, cracks emerge on the FRP tubes, and the 
slope of the load-deflection curves decreases. The crack patterns on the 
FRP tubes are different depending on the layout of the specimens. 
Finally, the specimens achieve their peak strengths and subsequently fail 
in different modes. The presence of the steel bar alters the failure mode 
of conventional CFFTs. Compared to a CFFT specimen without a steel 
bar (S-2 in Ahmad [24], which fails under flexure, the considered FCCC- 
R specimen (T3A85-C60R-1 in this study) exhibits a combined shear and 
flexural failure mode. This occurs because the steel bar can increase both 
the bending and shear capacities. The shear-span ratios of these three 
types of beams are very low. Under the same loading conditions, a plain 
concrete beam with a very low shear-span ratio soon experiences diag-
onal compression failure after the emergence of shear cracks. Regarding 
reinforced concrete beams without an FRP tube, the steel rebar along the 
central axis of the cross-section delay crack development. However, 

Table 1 
Specimen details.  

Specimens t (mm) θ (◦) Concrete type λ(=H/D0) 

T3A85-C40R-0.5 3 ±85◦ C40 0.5 
T3A85-C60R-0.5 3 ±85◦ C60 0.5 
T3A85-UHPCR-0.5 3 ±85◦ UHPC 0.5 
T3A60-C60R-0.5 3 ±60◦ C60 0.5 
T3A60-UHPCR-0.5 3 ±60◦ UHPC 0.5 
T4A85-C60R-0.5 4 ±85◦ C60 0.5 
T3A85-C60R-1 3 ±85◦ C60 1 
T3A85-UHPCR-1 3 ±85◦ UHPC 1 
T3A85-C60R-0.2 3 ±85◦ C60 0.2 
T3A85-UHPCR-0.2 3 ±85◦ UHPC 0.2 
T3A85-UHPC-0.5a 3 ±85◦ UHPC 0.5 
C60R-0.5b   C60 0.5 
UHPCR-0.5b   UHPC 0.5 
UHPC-0.5c   UHPC 0.5  

a Specimens without an encased rebar. 
b Specimens without an FRP tube. 
c Specimens without either an FRP tube or an encased rebar. 

Table 2 
Concrete properties.  

Type Cube compressive strength fcu 

(MPa) 
Axial compressive strength fc 

(MPa) 

C40  52.1  39.6 
C60  64.5  51.0 
UHPC  125.6  110.5  

Table 3 
Properties of the FRP tubes.  

Type Thickness t 
(mm) 

Inner 
diameter D 
(mm) 

Fibre 
orientation 

Hoop 
strength 
ff,11 (MPa) 

Hoop elastic 
modulus 
Ef,11 (GPa) 

T3A60 3 100 ±60◦ 434  24.2 
T3A85 3 100 ±85◦ 670  47.4 
T4A85 4 100 ±85◦ 670  47.4  
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diagonal compression failure can still occur at the crack development 
stage. Among FCCC-Rs, since the external FRP tube plays a role similar 
to that of the stirrup, which can restrain crack propagation well and is 
more helpful to facilitate the dowel action of the embedded steel rebar, 
higher strength and greater mid-span deflection can be obtained. 
Obvious bending cracks and shear cracks can be observed when the 
FCCC-R specimens finally fail. Compared to an angle of ± 85◦, the FCCC- 
R with a fibre winding angle of ± 60◦ attains a higher peak load because 
± 60◦ is close to the direction vertical to the emerging diagonal cracks, 
and the FRP tube imposes a better inhibition effect on shear crack 
formation. 

Fig. 6 shows the V–δ curves for all specimens. For most of the FCCC-R 
specimens (T3A85-UHPCR-0.5-2 in Fig. 6(c), T3A60-C60R-0.5 series in 
Fig. 6(d), C60R-0.5 series in Fig. 6(l), UHPCR-0.5-2 in Fig. 6(m), and 
UHPC-0.5 series in Fig. 6(n)), specimens with type 1 curves fail due to 
concrete shear failure. For this type of specimen, diagonal cracks 
propagate through the section at the peak load point, after which the 
composite action between the concrete and steel bar no longer occurs, 
and the load is only carried by the steel bar. Therefore, the type 1 curves 
exhibit a sudden loss of strength after the peak point. Specimens with 
type 2 curves (T3A85-C60R-0.5 series in Fig. 6(b), T3A85-UHPCR-0.5-1 
in Fig. 6(c), T3A85-C60R-0.2 series in Fig. 6(i), T3A85-UHPCR-0.2-2 in 
Fig. 6(j), T4A85-C60R-0.5 series in Fig. 6(f), and T3A60-UHPCR-0.5 
series in Fig. 6(e)) reveal combined shear and flexural failure modes, 
which are dominated by shear cracks. After reaching the first peak load 
point, diagonal cracks emerge on the specimens, but there remains a 

compression zone in the concrete section. Due to the dowel action of the 
steel bar, shear cracks stop propagating, and the load is carried by the 
bending action of the specimens. Therefore, the load decline after the 
first peak point indicates the transition of the load-bearing mode, and 
the following part of the curve captures the bending response of the 
specimen. Among the type 3 specimens (T3A85-C40R-0.5 series in Fig. 6 
(a), T3A85-C60R-1 series in Fig. 6(g), T3A85-UHPCR-1 series in Fig. 6 
(h), and T3A85-UHPCR-0.2-1 in Fig. 6(j)), both flexural and shear cracks 
can be observed on the concrete, and flexural cracks dominate the 
failure mode. Therefore, this type of specimen behaves similarly to RC 
flexural members. 

It could be seen that there was an obvious difference for the two 
identical specimens in terms of stiffness, curve shape and failure modes. 
The specimens could roughly be divided into three types. Most of the 
testing results of the repeated specimens are similar, e.g. T3A85-C40R- 
0.5 in Fig. 6(a), T3A85-UHPCR-0.5 in Fig. 6(c). Some of the series in 
which the repeated specimens are different are related to inaccurate 
measurement caused by defects, e.g. T3A85-C60R-0.5 in Fig. 6(b), (d) 
T3A60-C60R-0.5 in Fig. 6(d). The specimens presented the same failure 
modes, and the shapes of the curves are similar, but their initial stiff-
nesses are different. This phenomenon was related to possible gaps be-
tween internal concrete and external FRP tubes in FCCC-Rs, and possible 
gaps between irregular surface of the FRP tubes and arch-shaped steel 
supporters or arch-shaped loading plate. The former was caused by 
shrinkage or poor casting quality of the internal concrete/UHPC and the 
latter was caused by nonuniform resin distributing during the 

Fig. 3. Test setup and instrumentation.  

Fig. 4. Typical shear force (V) versus midspan deflection (δ) curves.  

L. Hu et al.                                                                                                                                                                                                                                       



Engineering Structures 284 (2023) 115951

6

manufacturing process of the FRP tubes. In the beginning of the test, the 
gaps were closed gradually and the results of LVDTs included the 
deformation of the gaps and the shear/flexural deformation of the 
specimens and presented that there was obvious deformation. As the test 
processed, the gaps were fully closed and the results of LVDTs only 
included the shear/flexural deformation of the specimens and thus the 
deformation increased more slowly. These defects only appeared in 
some of specimens. Therefore, the curves of the specimens with these 
defects show an ascending branch with a low stiffness at the beginning 
and the stiffness increased gradually afterwards. Some of the series, e.g. 
T3A85-UHPCR-0.2 in Fig. 6(j), UHPCR-0.5 in Fig. 6(m), in which the 
repeated specimens are different are related to local poor casting quality 
of concrete. Materials in these areas failed prematurely, leading to the 
premature failure of the specimen. While, the repeated specimen didn’t 
have such defects and behaved differently. Generally, these series were 
not utilized with the FRP tubes or the rebars. It could be concluded that, 
the combination effect of FRP tube, rebar and concrete can reduce the 
influence of the materials defects on the whole components. 

After testing, FRP tubes were detached from the FCCC-R specimens, 
and three types of cracks were observed on the concrete surface, namely, 
flexural cracks (F), shear cracks (S), and local cracks near the supports 
(L), as shown in Fig. 7. These cracking types correspond to a specific 
cracking pattern which would happen in concrete beams under four- 
point bending test. Flexural cracks initiated in the middle span and 
propagated vertically, as shown in Fig. 7a. Shear cracks initiated at the 
supports and propagated towards the loading bear, which was always 
inclined to the specimen axis, as shown in Fig. 7b. Local cracks propa-
gated vertically near the supports, which could be observed in the 
specimens with a low shear-span ratio, as shown in Fig. 7c. In fact, most 
of the specimens failed in the combined mode with at least two types of 
cracks, as shown in Fig. 7d. Failure modes were used to describe the 
cracking patterns which the specimens presented and could be some 
cracking type or the combination of the cracking types. The failure 
modes and curve types for all specimens are reported in Tables 4–7. 
Additionally, the maximum shear strength (Ve) and the corresponding 
mid-span deflection (δe) are listed in Tables 4–7 for each series of 
specimens. 

Although arch-shaped supporters and loading plate were adopted to 

decrease the stress concentration in this test, the local compressive 
failure near the loading points and supports occurred for some speci-
mens and largely affected the test results and the accuracy. This is 
because the modulus of the FRP tube and the steel supporters and 
loading plate are large. The local deformation of the FRP tube was 
distinct and that of the steel supporters and loading plate was less, which 
could lead to stress concentration. To relieve this problem, rubber gasket 
could be set between the FRP tube and the steel supporters and loading 
plate. Besides, the CFFT/FCCC-R could be embedded in concrete and the 
shear load was applied on the concrete, which is more similar with the 
FCCC-R in the structural member. 

3.2. Influence of the concrete strength 

The influence of the concrete strength (fc) on the shear strength (Ve) 
is shown in Fig. 8a. Both individual (indv.) and average (Avr.) values are 
presented. The average shear strength (Ve) increases almost linearly 
with the strength of the infilling material (fc) in the fc series. In this 
series, λ is kept constant at 0.5, and all tubes are T3A85 tubes. The 
failure modes in this series are dominated by combined flexural and 
shear failure (F + S), and most of the specimens fail in the ductile mode 
(types 2 and 3), except for T3A85-UHPCR-0.5-2, with local cracks 
observed near the supported region. 

3.3. Influence of the shear-span ratio 

The influence of the shear-span ratio (λ) on the shear strength (Ve) is 
shown in Fig. 8b. Obviously, the shear capacities of the UHPC specimens 
are higher than those of the C60 specimens. With increasing λ, the 
dominant failure mechanism changes from shear to flexure. Therefore, 
Ve decreases for both types of specimens. Moreover, the results indicate 
greater dispersion when λ is low because the shear and local failure 
modes introduce more uncertainty. In addition, the shear properties of 
the UHPC specimens remain less consistent than those of the ordinary 
concrete specimens. 

Fig. 5. Four stages of the failure process.  
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3.4. Influence of the FRP tubes 

The test results for the t and θ series are shown in Fig. 8c and d, 
respectively. Apparently, a larger tube thickness can enhance the shear 

capacity of the FCCC-R specimens. Among the specimens with A85 tubes 
and λ = 0.5 filled with C60 concrete, the 3 mm and 4 mm tubes can 
enhance the shear strength to 204 % and 243 %, respectively, over the 
control specimens (C60R-0.5). Among the specimens filled with UHPC, 

Fig. 6. Shear force (V) versus midspan deflection (δ) curves for all the specimens.  
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the 3-mm tube enhances the shear strength to 51 %. The contributions of 
the T3 tubes are 47 kN and 40 kN for the C60 and UHPC specimens, 
respectively, which are very similar. Therefore, in predicting the total 
shear strength of the FCCC-R specimens, it is reasonable to apply the 
superposition method to consider the contribution of the FRP tubes. 
Fibre orientation is another important factor influencing shear strength. 
As shown in Fig. 9, for most of the specimens, the results based on the 
strain rosette indicate that the direction of the principal strain on the 
shear-span is approximately 45◦ to the tube axis. Therefore, A60 tubes 
are more effective in shear resistance enhancement than A85 tubes. The 

increases in the shear strength for C60 and UHPC are 73 kN and 71 kN, 
respectively. Therefore, it can be inferred that the contribution of the 
FRP tubes can be considered separately from that of the infilling mate-
rial, and the superposition method is applicable to this analysis. 

The hoop strain distribution at the centre of the shear span for 
selected specimens is shown in Fig. 10, including specimens T3A85- 
UHPCR-0.5, T3A60-UHPCR-0.5, T3A85-C60R-0.2 and T3A85-C60R-1, 
which shows the influence of the fibre orientation of the FRP tubes 
and the shear-span ratio. As shown in Fig. 10, the hoop strains for all 

Fig. 7. Typical failure modes of the FCCC-R specimens.  

Table 4 
Test results for the fc series.  

ID Ve
1(kN) δe

2(mm) Failure mode3 Curve type 

T3A85-C40R-0.5-1 64  2.98 F + S Type 3 
T3A85-C40R-0.5-2 64  2.29 F + S Type 3 
Ave.4 64  2.63 /  
T3A85-C60R-0.5-1 74  1.68 F + S + L Type 2 
T3A85-C60R-0.5-2 66  1.25 S Type 2 
Ave. 70  1.46 /  
T3A85-UHPCR-0.5-1 106  1.49 F Type 2 
T3A85-UHPCR-0.5-2 129  1.73 F + S + L Type 1 
Ave. 118  1.61 /   

1 Ve = shear strength; 
2 δe = midspan deflection corresponding to Ve; 
3 Failure modes: F = flexural cracking; S = shear cracking; L = local 

compressive failure at the supports; 
4 Ave. = average value of two identical specimens. 

Table 5 
Test results for the λ series.  

ID Ve
1(kN) δe

2(mm) Failure mode3 Curve type 

T3A85-C60R-0.2-1 82  2.00 F + S Type 2 
T3A85-C60R-0.2-2 108  1.68 F + S Type 2 
Ave.4 95  1.84 /  
T3A85-C60R-0.5-1 74  1.68 F + S + L Type 2 
T3A85-C60R-0.5-2 66  1.25 S Type 2 
Ave. 70  1.46 /  
T3A85-C60R-1-1 50  2.31 F + S Type 3 
T3A85-C60R-1-2 60  4.89 F + S Type 3 
Ave. 55  3.60 /  
T3A85-UHPCR-0.2-1 143  1.95 S + L Type 3 
T3A85-UHPCR-0.2-2 220  1.68 S + L Type 2 
Ave. 182  1.81 /  
T3A85-UHPCR-0.5-1 106  1.49 F Type 2 
T3A85-UHPCR-0.5-2 129  1.73 F + S + L Type 1 
Ave. 118  1.61 /  
T3A85-UHPCR-1-1 103  4.30 F + S Type 3 
T3A85-UHPCR-1-2 117  9.56 F Type 3 
Ave. 110  6.93 /  

1-4Refer to the Table 4 footer. 

Table 6 
Test results for the t series.  

ID Ve
1(kN) δe

2(mm) Failure mode3 Curve type 

C60R-0.5b-1 19  0.21 S + L Type 1 
C60R-0.5b-2 27  0.36 F + S Type 1 
Ave.4 23  0.28 /  
T3A85-C60R-0.5-1 74  1.68 F + S + L Type 2 
T3A85-C60R-0.5-2 66  1.25 S Type 2 
Ave. 70  1.46 /  
T4A85-C60R-0.5-1 88  2.19 S + L Type 2 
T4A85-C60R-0.5-2 70  1.46 S + L Type 2 
Ave. 79  1.82 /  
UHPCR-0.5b-1 67  1.89 F Type 3 
UHPCR-0.5b-2 89  1.77 S + L Type 1 
Ave. 78  1.83 /  
T3A85-UHPCR-0.5-1 106  1.49 F Type 2 
T3A85-UHPCR-0.5-2 129  1.73 F + S + L Type 1 
Ave. 118  1.61 /  
UHPC-0.5c-1 22  0.43 F Type 1 
UHPC-0.5c-2 20  0.42 F Type 1 
Ave. 21  0.43 /  
T3A85-UHPC-0.5-1 30  0.96 F Type 3 
T3A85-UHPC-0.5-2 48  0.56 S Type 3 
Ave. 39  0.76 /  

1-4 Refer to the Table 4 footer. 

Table 7 
Test results for the θ series.  

ID Ve
1(kN) δe

2(mm) Failure mode3 Curve type 

T3A85-C60R-0.5-1 74  1.68 F + S + L Type 2 
T3A85-C60R-0.5-2 66  1.25 S Type 2 
Ave.4 70  1.46   
T3A60-C60R-0.5-1 139  2.77 S + L Type 1 
T3A60-C60R-0.5-2 147  1.97 S + L Type 1 
Ave. 143  2.37   
T3A85-UHPCR-0.5-1 106  1.49 F Type 2 
T3A85-UHPCR-0.5-2 129  1.73 F + S + L Type 1 
Ave. 118  1.61   
T3A60-UHPCR-0.5-1 190  2.49 S + L Type 2 
T3A60-UHPCR-0.5-2 204  1.81 S + L Type 2 
Ave. 197  2.15   

1-4 Refer to the Table 4 footer. 
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selected specimens are low, and the distribution is not uniform. This 
indicates that the confining effect of the FRP tubes is minor when FCCC- 
Rs are subjected to shear. The influence of the fibre orientation can be 
inferred by comparing Fig. 10a and b. The specimen with 60◦-oriented 
fibres attains a lower and more uniformly distributed hoop strain 
because the inclined fibres can impede the opening of diagonal cracks. In 
contrast, the nonuniformity of the hoop strain distribution of the T3A85- 
C60R-0.5 specimen indicates that there occurs a diagonal crack propa-
gating through the mid-shear-span section. It can be seen that the results 
from strain gauge 7# were larger, indicating that there was severe local 
deformation near strain gauges 7#. And thus, it could be speculated that 

there was also severe local deformation, i.e. cracks, near the concrete 
near strain gauge 7#. Strain gauge 7# lies in the 1/4 height of the cross- 
section and 1/4 span near the support (i.e. the mid-point between the 
support and the loading point). Generally, the cracks in this area are 
likely to be diagonal cracks. Hence, the 85◦-oriented fibres are less 
effective in shear resistance enhancement, leading to severe diagonal 
cracks of internal concrete. 

The influence of the shear-span ratio is shown in Fig. 10c and d. For 
the specimen T3A85-UHPCR-0.2, strain gauges 1# and 6# were signif-
icantly larger than others and the strain distributions were non-uniform. 
It could be speculated that there were severe diagonal cracks and the 
specimen suffered from shear failure, which agrees with the observation 
in Fig. 6i. For the T3A85-UHPCR-0.2 specimen, the strain distributions 
were more uniform than the specimens with less shear-span ratio and 
the strains were also less. It could be observed that the width of diagonal 
cracks was less. As shown in Fig. 6g, the specimens mainly failed in 
flexure or combined shear-flexure and the diagonal cracks were fewer. 
Generally, the conclusions from the strain gauges agreed with the failure 
modes observed in Section 3.1. As the shear-span ratio decreases, the 
diagonal cracks develop more. 

When the shear-span ratio is low (λ = 0.2 in Fig. 10c), the concrete 
fails in shear (Fig. 6i). Therefore, the hoop strain is not uniform, and a 
severe strain concentration can be observed. When the shear-span ratio 
is higher (λ = 1 in Fig. 10d), the specimens mainly fail in flexure or 
combined shear-flexure. Thus, there are fewer diagonal cracks through 
the mid-shear-span section, and the hoop strains are low and uniformly 
distributed. 

3.5. Influence of the steel bar 

The presence of the steel bar changes the failure mode of conven-
tional CFFT members. Due to the absence of a steel bar, the CFFT 

f

t

V

f

V

V

t

V

Fig. 8. Influence of different parameters.  

Fig. 9. Direction of the principal strain for specimen T3A85-UHPCR-0.2.  
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specimens always fail in the flexural mode even with a low shear-span 
ratio [24]. The encased steel bar can increase the flexural strength of 
the CFFT specimens. Hence, shear cracks form in the inner concrete 
during the test. In addition, the dowel action of the steel bar can improve 
the shear resistance. As indicated by the test results, the FCCC-R speci-
mens always fail in the combined shear-flexure mode. Therefore, the 
presence of the steel bar can achieve a balanced shear-flexure effect. 

The shear strengths of the specimens with encased steel bars are 
significantly higher than those without steel bars, despite the presence of 
FRP tubes. Choosing the specimens comprising UHPC as an example 
(shown in Fig. 11), the steel bars increase the average shear strength by 
201 % and 271 %, and the contributions of the steel bars are 78 kN and 
57 kN, respectively, for specimens with and without FRP tubes, 
respectively. 

4. Design equations for the shear capacity of FCCC-Rs 

The shear strength of FCCC-Rs is composed of three parts: (i) infilling 
material; (ii) encased steel bar; and (iii) shear resistance of the FRP tube. 
Most existing studies employ the superposition method to predict the 
shear strength of FCCCs, which is the summation of the contribution of 
each part. As mentioned earlier, the test results in this research also 
support this point of view. Therefore, the shear strength of FCCC-Rs can 
be written as: 

Vcal. = Vc +Vf +Vs (1) 

where Vcal. is the total shear strength of the FCCC-R, Vc is the shear 
strength of the infilling material (e.g., concrete or UHPC), Vf is the 
contribution of the FRP tube, and Vs is the contribution of the encased 

steel bar. 
Bhide and Burgueño [22,23] proposed a strength model for CFFTs 

using the Euler-Bernoulli beam theory and a modified stress field. 
However, the basic assumption of this approach is that the strain is 
linearly distributed across the depth of the flexural specimen, which is 
not applicable in short beams, such as those with λ ≤ 1. Other re-
searchers, e.g., Ahmad [24], Ahmad and Zhu et al. [25] and Fam and 
Cole [26], proposed models based on the strut-and-tie model, which are 

Fig. 10. Hoop strain of the middle section of the shear-span.  

V

Fig. 11. Influence of the inner steel bar.  
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suitable for simulating the stress flow in a deep beam without steel 
stirrups. The following model was proposed by Ahmad [24]: 

Vf =
∑n

i=1

π
2

tfiD0f±αi (2) 

where n is the total number of fibre layers, D0 is the outer diameter of 
the tube, tfi is the lamina thickness at the ith winding angle, and f±αi is 
the ultimate tensile strength at winding angle αi. In this study, however, 
the tubes are different from those used in Ahmad [24] in terms of the 
manufacturing technique, in which the layer thickness is difficult to 
obtain, and Eq. (2) does not consider the shear-span ratio (λ). Hence, this 
model cannot be directly adopted herein. 

Based on the strut-and-tie model, Chinese code GB50608 [29,30] 
provides a design equation for the shear strength of FRP tubes in FRP- 
concrete composite structures: 

Vf =
∑n

i=1

π
2

tfiEfiεfah(sinαi + cosαi)sinαi (3) 

where Efi is the nominal elastic modulus of the ith fibre layer, h is the 
diameter of the tube, αi is the angle between the tube axis and fibre 
direction of the ith layer, and εfa is the allowed tensile strain of the fibres, 
which is 0.004. Based on the models reviewed above, the authors pro-
posed a new shear strength model for the FRP tubes in FCCC-Rs in this 
study: 

Vf =
C1

λ + C2
πtDf±α(C3sinα + C4cosα)sinα (4) 

where t is the total thickness of the FRP tube, D is the inner diameter 
of the FRP tube, f±α is the uniaxial tensile strength of the FRP tube with a 
winding angle of ± α degrees, and C1, C2, C3 and C4 are the parameters 
to be determined. Via regression of the test data, these four parameters 
are determined as 2.34, 0.3, 0.15 and 0.5, respectively. 

The contribution of the infilling material Vc is determined with the 
Chinese code for concrete structures GB50010 [29,30]: 

Vc =
1.75
λ + 1

× 0.704ftD2 (5) 

where ft is the tensile strength of concrete, which can be calculated as 
ft = 0.395 fcu

0.55 [29,30], and fcu is the cube strength of concrete. It should 
be noted that in Eq. (5), the range of λ should be 1.5 ≤ λ ≤ 3.0. 

The encased steel bar contributes to the shear strength mainly by the 
resultant dowel action. According to Vintzeleou and Tassios [33], the 
dowel action of steel bars can be calculated as: 

Vs = 1.30d2
s

̅̅̅̅̅̅̅
fcfy

√
(6) 

where ds is the diameter of the steel bar, fc is the compressive 
strength of the concrete, and fy is the yield strength of the steel bar. The 
slippage between the concrete and steel bar decreases the contribution 
of the steel bar, which is more obvious for the FCCC-R specimens with a 
low shear-span ratio. Thus, according to the test data, a reduced coef-
ficient ζ is proposed in this paper based on the experimental results. 

ζ =
0.212

λ + 0.66
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fc/19.10

√
(7) 

where 19.10 is the design value of the axial compressive strength of 
C40 concrete, in MPa, and ζ = 1 when the calculated value is greater 
than 1. For the FCCC-R specimens with a shear-span ratio not higher 
than 1.0, the shear strength provided by the dowel action can be 
calculated with Eq. (7). 

Vs,a = ζVs =
0.276

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fc/19.10

√

λ + 0.66
d2

s

̅̅̅̅̅̅̅
fcfy

√
(8) 

By substituting Eqs. (4), 5 and 8 into Eq. (1), the shear capacity of 
FCCC-Rs yields: 

Vcal. =
1.232
λ + 1

ftD2 +
2.34

λ + 0.3
πtDf±α(0.15sinα + 0.5cosα)sinα

+
0.276

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fc/19.10

√

λ + 0.66
d2

s

̅̅̅̅̅̅̅
fcfy

√
(9) 

With the use of Eq. (9), the shear capacity of all the specimens is 
calculated (Vcal.) and compared to the experimental results (Vexp.), as 
shown in Fig. 12. The mean value of the ratio of the predicted values to 
the test values is 1.00, with R2 = 0.97. Fig. 12 indicates that the pro-
posed equations fit the test data well and are conservative in high- 
strength regions, which is suitable for design. The calculated shear ca-
pacity of FCCC-Rs and the contribution of the three parts are listed in 
Table 8. 

5. Conclusions 

In this study, the shear behaviour of FCCC-Rs was investigated in 
three-point bending tests of 28 short specimens. Four parameters, i.e., 
the concrete strength, shear-span ratio, FRP tube thickness and fibre 
orientation, were experimentally investigated. Design equations for the 
shear strength of FCCC-Rs were proposed based on previous research as 
well as the test data obtained in this study. The following conclusions 
can be drawn:  

(1) The majority of the FCCC-R specimens fail in the ductile mode, 
which indicates that the combination action of the FRP tube and 
high-strength steel bar can improve the ductility of the infilling 
concrete under shear;  

(2) The failure mode is determined by the shear-span ratio (λ). The 
specimens with lower λ values tend to fail in shear. All specimens 
with λ = 0.2 fail in shear;  

(3) The fibre orientation strongly influences the shear capacity of 
FCCC-Rs. It is suggested that inclined fibres should be designed 
for FRP tubes when the FCCC-R component is subjected to shear;  

(4) The proposed design equations fit the test data well and are 
conservative in the high-strength region. The design equations 
are applicable for evaluation of the shear capacity of FCCC-R in 
composite structures 

There are several questions of the shear properties of the FCCC-Rs 
need further investigation for future studies:  

(1) This paper focuses on the shear behaviour of FCCC-R at the 
structural component level. In structural member level, the FCCC- 

R

V

V

Fig. 12. Calculation results (Vcal.) and experimental results (Vexp.).  
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Rs contribute to the total shear capacity by the dowel action itself 
as well as the interaction with surrounding concrete and stirrups. 
It is important to quantify the contribution of FCCC-Rs in struc-
tural member level;  

(2) This work tested the influence of shear-span ratio of the FCCC-R 
component. When subjected to shear in the composite member, 
the concrete cracks propagate inclined to the FCCC-R’s axis. 
Therefore, the actual shear-span and the shear load direction 
need to be clarified;  

(3) The FCCC-R components are to be used in the vertical structural 
members such as columns and shear walls, in which the FCCC-R 
will be subjected to combined axial compression and shear. The 
behaviour of this component under such loading case need to be 
studied in the future;  

(4) The smaller fibre angle can lead to higher shear capacity but 
lower axial compression strength [7]. It is necessary to make a 
balance between these two aspects in structural design. 
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Table 8 
Calculation results (Vcal.) and contribution of the three parts.  

Specimens Test results Vexp. 

(kN) 
Calculation results   

Vf 

(kN) 
vs 

(kN) 
Vc(kN) Vcal. 

(kN) 

T3A85-C40R-0.5- 
1  

63.91  28.14  22.37  17.57  68.08 

T3A85-C40R-0.5- 
2  

64.23     

T3A85-C60R-0.5- 
1  

73.54  28.14  28.13  19.25  75.53 

T3A85-C60R-0.5- 
2  

65.77     

T3A85-UHPCR- 
0.5-1  

106.45  28.14  60.96  39.42  128.52 

T3A85-UHPCR- 
0.5-2  

128.90     

T3A60-C60R-0.5- 
1  

138.51  78.02  28.13  19.25  125.40 

T3A60-C60R-0.5- 
2  

147.35     

T3A60-UHPCR- 
0.5-1  

190.04  78.02  60.96  39.42  178.40 

T3A60-UHPCR- 
0.5-2  

204.28     

T4A85-C60R-0.5- 
1  

87.50  37.52  28.13  19.25  84.91 

T4A85-C60R-0.5- 
2  

69.50     

T3A85-C60R-1-1  50.27  17.32  19.66  19.25  56.23 
T3A85-C60R-1-2  59.50     
T3A85-UHPCR-1- 

1  
102.90  17.32  42.60  27.78  87.69 

T3A85-UHPCR-1- 
2  

117.39     

T3A85-C60R-0.2- 
1  

81.66  45.03  37.95  19.25  102.23 

T3A85-C60R-0.2- 
2  

108.10     

T3A85-UHPCR- 
0.2-1  

143.00  45.03  82.22  27.78  155.03 

T3A85-UHPCR- 
0.2-2  

220.00      
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