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Fiber reinforced polymer (FRP)-confined concrete has received significant research attention over the last
two decades, with recent experimental studies identifying significant benefits of FRP-confined
high-strength concrete (HSC). However, studies examining the influence of concrete shrinkage on the
behavior of FRP-confined concrete remain limited, with no studies examining this effect for HSC speci-
mens. Concrete shrinkage may pose a concern for concrete-filled FRP tubes (CFFTs), as in these members
the curing of concrete takes place inside the FRP tube. This paper presents an experimental investigation
on the influence of FRP-to-concrete interface gap, caused by concrete shrinkage, on axial compressive
behavior of FRP-confined normal- and high-strength concrete (NSC and HSC). A total of 30 aramid FRP
(AFRP)-confined concrete specimens with circular cross-sections were manufactured. Six of the speci-
mens were instrumented to monitor long term shrinkage strain development of the FRP-confined NSC
and HSC, with three specimens allocated to each mix. The remaining 24 specimens were tested under
axial compression, where nine of these specimens were manufactured with NSC and the remaining 15
with HSC. The influence of concrete shrinkage was examined by applying a gap of up to 0.12 mm thick-
ness at the FRP-to-concrete interface, simulating 1600 microstrain of shrinkage in the radial direction.
The results of this experimental study indicate that the influence of interface gap on axial strain enhance-
ment is significant, with an increase observed as the gap increased. Conversely, the influence of interface
gap on axial strength enhancement is found to be small with a slight reduction observed with increased
gap. The results also indicate that an increase in interface gap causes an increase in strength loss during
the transition region of the stress–strain curve as a result of the delayed activation of the FRP shell.
Finally, it was observed that an increase in FRP-to-concrete interface gap leads to an increased difference
between axial deformation of the concrete core and FRP shell, indicating the presence of interface slip.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

It is now well-understood that the confinement of concrete
with fiber reinforced polymer (FRP) composites can lead to signif-
icant improvements in both compressive strength and ductility of
normal- (e.g., [1–5]) and high-strength (e.g., [6–10]) concretes
(NSC and HSC). A large number of experimental studies into the
axial compressive behavior have been performed over the last
two decades producing over 3000 test results, as discussed and
assessed in the recent comprehensive review studies reported in
Ozbakkaloglu et al. [11] and Ozbakkaloglu and Lim [12]. These
studies revealed that the majority of the existing experimental
studies focused on the behavior of FRP-wrapped specimens (e.g.,
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[4,8,10,13–18]) with fewer studies reported on concrete-filled FRP
tubes (CFFTs). Earlier experimental studies on CFFTs [19–21] along
with more recent extensive studies on the axial compressive
[7–9,22–29] and seismic behavior of CFFT columns [30–36] have
demonstrated the ability of CFFTs to develop very high inelastic
deformation capacities, making them an attractive option for con-
struction of new high-performance columns.

The use of higher strength concretes in the construction
industry has been on a recent steady incline due to the significantly
better structural engineering properties offered by HSC compared
with conventional NSC. The use of higher strength concretes in
FRP-confined members leads to an efficient combination of two
high strength materials to form a high performance member while
eliminating the brittle behavior normally associated with HSC.
Extensive recent research that has been undertaken by the
research group led by the second author on CFFTs manufactured
with HSC has demonstrated the ability of high-strength CFFTs
(HSCFFTs) to display significant strength and strain enhancements
[6–8,26,27,29]. However, the influence of long term concrete
shrinkage on the axial compressive behavior of HSCFFTs is yet to
be investigated. Concrete shrinkage may pose a concern for CFFT
columns, as in these columns the curing of concrete takes place
inside the FRP tube. This concrete shrinkage may influence the
compressive behavior of the CFFT columns in the long term, and
hence it is important to understand this influence for successful
design and construction of these members. This is of particular
importance for CFFTs manufactured with HSC due to the potential
of higher levels of shrinkage associated with higher strength con-
cretes [37,38]. Although a number of studies have been reported
on the shrinkage behavior of concrete inside steel tubes (e.g.
[39–45]), only two studies have been reported to date on concrete
shrinkage in FRP-confined concrete, with both studies examining
NSC specimens [46,47]. Naguib and Mirmiran [46] monitored the
shrinkage strain development of a single CFFT specimen, where
the concrete shrinkage strains were monitored over a 12 month
period. However, the influence of shrinkage on the axial compres-
sive behavior of the CFFT was not investigated. Karimi et al. [47]
studied the compressive behavior of CFFT specimens with internal
steel I-beams manufactured with and without a shrinkage reduc-
ing agent. It was reported that the former specimens exhibited
approximately 20% higher compressive strengths compared to
the latter. To date, no experimental study has investigated the
influence of concrete shrinkage on the compressive behavior of
CFFTs with the aim of understanding the variations in the behavior
with different amounts of concrete shrinkage.

As the first experimental study on FRP-confined concrete to
examine the influence of amount of concrete shrinkage, the
research program reported in this paper investigated the com-
pressive behavior of NSC and HSC specimens designed with up
to five different shrinkage levels in the radial direction. The radial
shrinkage was simulated through predetermined gaps ranging
from 0 to 0.12 mm supplied at the FRP-to-concrete interface, rep-
resenting up to 1600 microstrain (le) of concrete shrinkage. The
results of the test program are first presented and followed by a
detailed discussion on the observed influences of interface gap on
specimen behavior.
2. Experimental program

2.1. Test specimens

A total of 30 aramid FRP (AFRP)-confined cylindrical specimens,
all with a 152 mm diameter (D) and a 305 mm height (H), were
prepared for the two phase experimental program. In the first
phase, six specimens were prepared to monitor long term shrink-
age development of the concrete in CFFTs. Two different concrete
mixes were used, with average compressive strengths of 44.8
and 83.2 MPa which are labeled in this paper as NSC and HSC,
respectively. Three of these specimens were manufactured as
NSC specimens, with the remaining three specimens manufactured
as HSC. These six specimens were prepared as CFFTs to allow
shrinkage measurements of FRP-confined concrete to be taken
directly after the hardening of concrete. The tubes of the CFFT spec-
imens were manufactured using two layers of AFRP, and the bot-
tom and top surfaces of the specimens remained covered and
uncovered respectively, for the entire duration of shrinkage strain
measurements.

In the second phase of the experimental program, 24 AFRP-con-
fined cylindrical specimens were prepared and tested under axial
compression. The same concrete mixes from Phase 1 were used,
with NSC and HSC specimens wrapped with two and four layers
of AFRP, respectively. The influence of concrete shrinkage on the
compressive behavior of CFFTs was examined by preparing speci-
mens with varying amounts of gap at the FRP-to-concrete inter-
face, simulating the change in interface conditions due to radial
shrinkage of concrete. This gap was achieved by wrapping low
strength polyethylene sheets around the concrete during the man-
ual wet lay-up procedure of the aramid fiber sheets, to create a
boundary gap between the concrete and FRP shell. In this phase
of the experimental program, the specimens were manufactured
as FRP-wrapped specimens, instead of CFFTs, because this allowed
simulation of a constant level of shrinkage in a controlled manner.
The concrete specimens were 152 mm in diameter and the poly-
ethylene sheets were 0.03 mm in thickness, resulting in a simu-
lated nominal radial shrinkage of 400 le per layer of
polyethylene sheet. The NSC specimens were prepared with nom-
inal shrinkage levels of 0, 400 and 800 le, whereas the HSC speci-
mens had 0, 400, 800, 1200 and 1600 le. These shrinkage levels
were selected to represent maximum possible shrinkage strains
to be experienced by concrete in a CFFT column and are based on
the results obtained from the first phase of the study, as discussed
later in the paper. Each concrete cylinder was examined prior to
wrapping and all significant concrete surface indentations were
leveled with gap filling paste. The details of these the six CFFT
specimens and 24 FRP-wrapped test specimens are given in
Table 1.

2.2. Materials and specimen preparation

2.2.1. Concrete
Both the NSC and HSC were batched and mixed in the labora-

tory and consisted of crushed bluestone gravel as the coarse aggre-
gate, with a 10 mm nominal maximum diameter. Superplasticiser
was added to the HSC mix to ensure a workable concrete, which
resulted in a measured slump of over 220 mm. The in-place con-
crete strengths (f0co) were established from control cylinders with
100 by 200 mm dimensions cast from the NSC and HSC mixes
and tested in parallel to the FRP-confined specimens. The mix
designs for the NSC and HSC mixes are reported in Table 2.

2.2.2. FRP and polyethylene
The specimens were manufactured using a wet lay-up tech-

nique, which involved wrapping epoxy resin impregnated aramid
fiber sheets around either Styrofoam templates or precast concrete
cylinders for the CFFT and FRP-wrapped specimens, respectively.
The FRP tubes/jackets were prepared using a continuous fiber sheet
with fibers oriented in the hoop direction, and they had a single
overlap region of 150 mm length. The FRP-wrapped specimens
had jackets applied to the precast concrete that had cured for
28 days, and the jackets were cured for at least 7 days before the
testing of the specimens. The manufacturer supplied material
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Table 1
Details of test specimens.

Testing method Concrete grade Average f0co, (MPa) Fiber thickness, tf (mm) Shrinkage gap (le) Number of specimens

Shrinkage monitoring NSC 44.8 0.4 Monitored 3
HSC 83.2 0.4 Monitored 3

Axial compressive testing NSC 44.8 0.4 0 3
400 3
800 3

HSC 83.2 0.8 0 3
400 3
800 3

1200 3
1600 3

Total 30

Table 2
Concrete mix proportions.

Concrete constituent NSC HSC

Cement (kg/m3) 380 506
Silica fume (kg/m3) 0 44
Sand (kg/m3) 700 700
Coarse aggregate (kg/m3) 1050 1050
Water (kg/m3) 220 172
Superplasticiser (kg/m3) 0 12
Water to cement ratio 0.58 0.33
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properties of the unidirectional aramid fiber sheets and epoxy
based adhesive used in the fabrication of the FRP tubes and jackets
are shown in Table 3. In addition to manufacturer supplied proper-
ties of fiber sheets, the material properties of the FRP composites
established through flat coupon tests conducted in accordance
with ASTM standard D3039M-08 [48] are supplied in Table 3.
The table also displays the material properties of the polyethylene
sheets used to create the interface gap. The polyethylene sheets
were applied during the FRP wet lay-up process, as illustrated in
Fig. 1, and they remained in place throughout the axial compres-
sion tests. The polyethylene sheet material properties were estab-
lished through flat coupon tests conducted in accordance with
AS1145.3 [49]. The thickness of the polyethylene sheets were mon-
itored by precision instruments to ensure the required FRP-to-con-
crete interface gap was maintained. The length of each
polyethylene sheet was equal to the circumference of the concrete
core so no overlap existed.
2.3. Instrumentation and testing procedure

The six CFFTs used in the first phase of the experimental pro-
gram were instrumented with strain gauges and placed in a tem-
perature controlled room to monitor the long-term shrinkage
Table 3
Material properties of fiber, FRP composite, polyethylene sheets and epoxy resin.

Type Nominal
thickness tf

(mm/ply)

Material properties

Provided by manufacturer Obta

Ultimate
tensile stress
ff (MPa)

Ultimate
tensile strain
efu (%)

Elastic
modulus
Ef (GPa)

Ultim
tens
f (M

Aramid fiber 0.2 2600 2.20 118.2 2390
Polyethylene sheet 0.03 – – – 18.6
Epoxy resin – – – – –

a calculated based on nominal thickness of fibers in FRP coupons.
strain (esh) development of concrete. Each specimen was instru-
mented with a single 20-mm strain gauge bonded to the center
of the top concrete surface. Specimens were placed in a controlled
environment, with the temperature maintained at 22 ± 2 �C and
relative humidity at 55 ± 10%.

The axial compressive test specimens of Phase 2 were instru-
mented with four linear variable differential transformers (LVDTs)
mounted at the corners between the loading and supporting steel
plates of the test machine as shown in Fig. 2. The recorded defor-
mations were used in the calculation of the average axial strains
along the height of the specimens. In addition to the four full-
height LVDTs (FLVDTs), four mid-section LVDTs (MLVDTs) were
mounted on an aluminum cage attached to the mid section of each
specimen. This aluminum cage had an LVDT installed on each of its
four sides and was designed to mount directly on the FRP shell via
surface screws. The LVDT cage had a gauge length of 175 mm and it
was placed at equal distance from each specimen end. Fig. 2(c)
shows the LVDT cage and the setup used to test the mid-section
axial deflection of the FRP shells. These MLVDT strain readings
were used to correct the FLVDT measurements at the early stages
of loading, where additional displacements due to closure of the
gaps in the setup were also recorded by the FLVDTs. Hoop strains
around the specimen perimeter were measured by five unidirec-
tional strain gauges having a gauge length of 5 mm that were
bonded horizontally on the FRP jacket outside the overlap region
at specimen mid-height.

The specimens in Phase 2 were tested under monotonic axial
compression using a 5000-kN capacity universal testing machine.
The testing of the specimens started immediately after attainment
of the 35-day concrete strength and continued for approximately
3 weeks. The loading was applied with load control at 3 kN per
second, whereas displacement control was used at approximately
0.005 mm per second beyond the initial softening until specimen
failure. To ensure an even loading surface each specimen end
was machined using a precision grinding machine before testing.
Epoxy resin properties provided by
manufacturer

ined from coupon tests

ate
ile stress
Pa)

Ultimate
tensile
strain e (%)

Elastic
modulus E
(GPa)

Ultimate
tensile stress
fepoxy (MPa)

Yield
strain
eepoxy (%)

Elastic
modulus
Eepoxy (GPa)

a 1.86 128.5a – – –
209 0.15 – – –
– – >50 2.5 >3
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Fig. 3. Shrinkage of concrete in CFFTs: (a) NSC; and (b) HSC.
Fig. 4. Typical failures of axial compression test specimens (a) NSC specimens; and
(b) HSC specimens.

Concrete core
(Diameter, D = 152 mm)

Polyethylene sheet
(thickness, tp = 0.03 mm/ply)

FRP shell 
(thickness, tf = 0.2 mm/ply)

(a) (b) (c)

Fig. 1. Implementing gap effect on FRP-wrapped concrete cylinders: (a) polyethylene and FRP sheet before wrapping; (b) wrapped specimen; and (c) technical illustration.

Fig. 2. Instrumentation of specimens: (a) specimen before testing; (b) technical illustration; and (c) mid-section LVDT cage.
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Table 4
Test results.

Concrete grade Specimen f0co (MPa) flu,a/f0co f0cc (MPa) ecu (%) eh,rup (%) f0cc/f0co ecu/eco ke

NSC N-0.4T-0-1a 44.8 – 78.3 2.15 – 1.68 7.83 0.81
N-0.4T-0-2 44.8 0.25 73.4 1.78 1.79
N-0.4T-0-3a 44.8 – 74.5 1.77 –
N-0.4T-400-1 44.8 0.21 73.5 2.18 1.49 1.67 9.13 0.85
N-0.4T-400-2 44.8 0.27 72.3 2.17 1.93
N-0.4T-400-3 44.8 0.30 78.7 2.29 2.18
N-0.4T-800-1 44.8 0.24 70.9 2.42 1.74 1.61 10.39 0.83
N-0.4T-800-2 44.8 0.25 75.6 2.59 1.81
N-0.4T-800-3 44.8 0.26 69.6 2.55 1.90

HSC H-0.8T-0-1 83.2 0.22 133.7 1.77 1.49 1.64 6.39 0.68
H-0.8T-0-2 83.2 0.23 136.8 1.72 1.53
H-0.8T-0-3 83.2 0.22 139.1 1.93 1.47
H-0.8T-400-1 83.2 0.24 128.7 2.44 1.60 1.59 8.35 0.75
H-0.8T-400-2 83.2 0.23 129.7 2.37 1.57
H-0.8T-400-3 83.2 0.27 138.4 2.28 1.81
H-0.8T-800-1 83.2 0.25 137.5 2.86 1.65 1.54 8.95 0.72
H-0.8T-800-2 83.2 0.22 125.5 2.40 1.49
H-0.8T-800-3 83.2 0.24 121.6 2.33 1.59
H-0.8T-1200-1 83.2 0.22 116.6 2.29 1.49 1.46 8.50 0.73
H-0.8T-1200-2 83.2 0.27 137.0 2.61 1.78
H-0.8T-1200-3 83.2 0.23 110.3 2.32 1.52
H-0.8T-1600-1 83.2 0.24 121.1 2.45 1.63 1.51 9.40 0.72
H-0.8T-1600-2 83.2 0.21 121.4 2.85 1.40
H-0.8T-1600-3 83.2 0.26 135.0 2.68 1.71

a Indicates specimen experienced problems with acquisition of lateral strain data.
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Fig. 5. Axial stress–strain behavior of NSC specimens: (a) no interface gap; (b) 400 le interface gap; and (c) 800 le interface gap.
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Precision cut steel discs, 15-mm thick and 150-mm in diameter,
were installed at specimen ends to apply the load only to the con-
crete core.

2.4. Specimen designation

The specimens presented in Table 1 were labeled according to
concrete grade, confinement amount and interface shrinkage gap.
For the first parameter, letters N and H were used to signify the
use of either normal- or high-strength concrete. The confinement
amount was then given indicating the total nominal thickness of
the fibers in millimeters followed by the letter T. Next the interface
shrinkage gap was given indicating the total shrinkage in le.
Finally, a number was used to distinguish between nominally iden-
tical specimens. For example ‘H-0.8T-1200-3’ relates to an HSC
specimen confined by a total fiber thickness of 0.8 mm with an
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Fig. 6. Axial stress to lateral- and axial-strain behavior of HSC specimens: (a) no interface gap; (b) 400 le interface gap; (c) 800 le interface gap; (d) 1200 le interface gap;
and (e) 1600 le interface gap.
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interface shrinkage gap of 1200 le and is the third specimen in its
group.
3. Test results

3.1. Shrinkage strain measurements

The concrete shrinkage strain (esh) measurements of the NSC
and HSC specimens from the first phase of the study are presented
in Fig. 3. The figure illustrates the concrete shrinkage strain devel-
opment at the top surface of the CFFTs, which were capped at their
bottom surfaces. The shrinkage strains were monitored over a per-
iod of 6 months to establish early shrinkage strain behavior. Mea-
surements of shrinkage strains began immediately after strain
gauges were mounted to the top surface of the hardened concrete,
approximately 24 h after the concrete was cast into the FRP tubes.
These recorded values of shrinkage strain were extrapolated to
obtain the maximum shrinkage strains expected over the full ser-
vice life of a CFFT column and the corresponding gaps to be applied
to the specimens of Phase 2.
3.2. Axial compression tests

3.2.1. Observed failure modes
The observed failure mode of the 24 NSC and HSC specimens

was rupture of the FRP tube accompanied by an instantaneous loss
of applied load. The observed FRP rupture of all specimens was
characterized by localized segmented rupture occurring at the
specimen mid-section. Typical failures of the specimens are shown
in Fig. 4, where examples of observed failure modes of NSC and
HSC specimens are provided. Typical shear cone formations were
evident in all failed specimens where FRP rupture allowed exami-
nation of the concrete core.

3.2.2. Stress–strain behavior and ultimate condition
The ultimate condition, which consists of the ultimate axial

stress (f0cc) recorded at failure of the specimen, corresponding axial
strain (ecu) and FRP hoop rupture strain (eh,rup), of each of the 24
test specimens is reported in Table 4. The table also reports group
averages of axial strength and strain enhancement ratios (f0cc/f0co

and ecu/eco), where eco was determined using the expression
proposed by Popovics [50]. The complete stress–strain relation-
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Fig. 7. Lateral-to-axial strain and corresponding axial stress–strain relationships of NSC specimens: (a) no interface gap; (b) 400 le interface gap; and (c) 800 le interface
gap.
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ships of the NSC and HSC specimens are shown in Figs. 5 and 6,
respectively, which illustrate the variation of lateral and axial
strains with axial stress. The ultimate axial strains (ecu) reported
in Table 4 and the stress–strain curves given in Figs. 5 and 6 were
established from the four FLVDTs with corrections supplied from
the four MLVDTs, as mentioned previously. Figs. 7 and 8, respec-
tively, present the lateral-to-axial strain relationships together
with the corresponding axial stress–strain relationship for the
NSC and HSC specimens. In these figures the initial branch of the
stress–strain curve is displayed to illustrate the lateral strain
development up to, and including, the transition region where
the concrete rapidly expands and activates the FRP-confinement
shell.

It is now well-understood that the hoop rupture strains (eh,rup)
recorded in FRP-confined concrete specimens are often smaller
than the ultimate tensile strain of the fibers (efu) reported by the
manufacturer [10,23,51–53]. The average strain reduction factors
ke, determined from Eq. (1), was established for each group of
identical test specimens and are presented in Table 4. To ensure
reliability, plots of hoop strain development were examined and
unreliable strain gauge readings, caused by instrumentation prob-
lems or partial strain gauge debonding due to localized damages,
were omitted.
ke ¼
eh;rup

efu
ð1Þ
4. Analysis of test results

4.1. Shrinkage behavior

It can be seen from the shrinkage strains (esh) of the NSCFFTs
shown in Fig. 3(a) that NSC specimens recorded approximately
400 le of radial shrinkage after six months, with over 85% of this
occurring during the first two months. A similar shrinkage behavior
was evident for the HSC specimens shown in Fig. 3(b), with a
maximum of around 600 le of shrinkage recorded at the end of
the six-month period. It might be worth noting that these strains
recorded on the concrete surface represent the highest shrinkage
strains expected to be experienced by the concrete in CFFTs, as
the concrete below the top surface is sealed inside the FRP tube
resulting in less water loss and lower internal shrinkage strains.
Based on the shrinkage strain development trends observed in
Fig. 3, FRP-to-concrete interface gaps were selected for the second
phase of the experimental program to represent the range of shrink-
age expected over the full service life of a NSC- and HSC-FFT column.
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Fig. 8. Lateral-to-axial strain and corresponding axial stress–strain relationships of HSC specimens: (a) no interface gap; (b) 400 le interface gap; (c) 800 le interface gap; (d)
1200 le interface gap; and (e) 1600 le interface gap.
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Increments of 400 le were adopted for both concrete grades, with
NSC and HSC specimens designed to have maximum 800 and
1600 le of simulated concrete shrinkage in the radial direction. It
is worth noting that previous research showed that shrinkage
strains of the concrete confined by FRP tubes was around 10–20%
of that of exposed concrete [46,47], with comparable values
reported for concrete confined by steel tubes [40]. Therefore, the
levels of shrinkage considered in this study are believed to be higher
than the typical concrete shrinkage strains expected in actual CFFT
members, and they represent maximum shrinkage strains expected
within localized regions of CFFT members, such as those exposed
during stages of construction.
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Fig. 9. Influence of interface gap on stress–strain behavior of FRP-confined
concrete. (a) NSC; and (b) HSC.

Table 5
Influence of f0co and interface gap on strength and strain enhancement of specimens.

Shrinkage strain (le) Concrete grade k1 k2

0 NSC 2.24 22.4
HSC 1.95 16.4

400 NSC 2.20 26.6
HSC 1.79 22.3

800 NSC 1.99 30.7
HSC 1.64 24.2

1200 HSC 1.39 22.8

1600 HSC 1.56 25.5
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4.2. Axial compressive behavior

4.2.1. Ultimate condition
It can be seen in Table 4 that both NSC and HSC specimens

exhibited significant strength and strain enhancements for all
levels of examined interface gaps. The table also illustrates that
strength and strain enhancement ratios (f0cc/f0co and ecu/eco) are
both influenced by presence and size of the interface gap. Table 5
presents a summary of these ultimate conditions where strength
and strain enhancement coefficients (k1 and k2) are reported. These
strength and strain enhancement coefficients were established
from Eqs. (2) and (3) respectively, where the actual confinement
ratio (flu,a/f0co), defined as the ratio of the actual confining pressure
at ultimate (flu,a) to concrete compressive strength (f0co), was
calculated from Eq. (4) assuming a uniform confinement pressure
distribution.

f 0cc

f 0co

¼ 1:0þ k1
f lu;a

f 0co

ð2Þ

ecc

eco
¼ 1:0þ k2

f lu;a

f 0co

ð3Þ

f lu;a

f 0co

¼ 2tf Ef eh;rup

f 0coD
ð4Þ
where tf is the total nominal thickness of the fibers, Ef is the
modulus of elasticity of the fibers, and D is the specimen diameter
measured at the concrete core.

The influence of FRP-to-concrete interface gap on the ultimate
condition was examined by comparing specimens with the same
concrete grade (NSC or HSC) and different interface gap. As evident
from Table 5, an increase in FRP-to-concrete interface gap leads to
a slight decrease in strength enhancement coefficient (k1) for both
NSC and HSC. On the other hand an increase in interface gap results
in a significant increase in strain enhancement coefficient (k2) for
both concrete grades. A comparison of the reported hoop rupture
strains (eh,rup) and corresponding strain reduction factors (ke) of
the specimens in Table 4 reveals very similar values for a given
concrete grade, indicating that the interface gap had only a minor
influence on eh,rup.

The influence of concrete compressive strength (f0co) on speci-
mens with varying amounts of interface gap was investigated by
comparing the results reported in Table 5. It can be seen in this
table that an increase in concrete compressive strength leads to
an overall decrease in both strength enhancement coefficient (k1)
and strain enhancement coefficient (k2). Table 5 also indicates that
similar reductions in k1 or k2 were observed for all NSC–HSC spec-
imen pairs having the same interface gaps, indicating that NSC and
HSC specimens were influenced by interface gap in a similar man-
ner. A comparison of the strain reduction factors (ke) presented in
Table 4 reveals that values of ke for HSC specimens were signifi-
cantly lower than those of their NSC counterparts for all levels of
interface gaps. These observed influences of concrete strength on
ultimate conditions are in agreement with those reported in
Ozbakkaloglu and Vincent [7] based on a significantly larger data-
base, and they can be attributed to the change in cracking pattern
of concrete with a change in its strength, as previously explained in
Ozbakkaloglu and Lim [12].

4.2.2. Axial stress–strain behavior
It can be seen from the axial stress–strain relationships pre-

sented in Figs. 5 and 6 that the curves of all specimens exhibited
overall ascending second branches. However, it can be observed
in these figures that as the interface gap increased so did the ten-
dency for a slight loss in axial stress during the transition region
between the first and second branches. Examples of this behavior
can be seen for the specimens in the groups N-0.4T-800, H-0.8T-
1200 and H-0.8T-1600 shown in Figs. 5(c) and 6(d) and (e), respec-
tively. This behavior can be attributed to the increased interface
gap causing a delayed activation of the confinement mechanism,
during the rapid expansion of the concrete core. As can be seen
in Figs. 5 and 6, this behavior was temporary and was followed
by strength recovery and further performance gains. This observa-
tion on stress drop due to increased interface gap is in agreement
with experimental observations reported in Liu et al. [42] and Xue
et al. [41] for concrete-filled steel tubes (CFSTs), which were also
supported by the results of the FEA analysis reported in Shiming
and Huifeng [44].

Comparison of the stress–strain curves of the companion spec-
imens shown in Fig. 9 illustrates the influence of interface gap on
the axial stress–strain behavior of the NSC and HSC specimens.
The previously noted influence of the interface gap on ultimate
strength and strain (f0cc and ecu) is evident in Fig. 9, where it can
also be seen that the slopes of the second branches remain similar
among specimens with the same concrete grade. Fig. 9 further
illustrates that as the interface gap increases so does the tendency
for a drop in axial strength, starting at the transition point between
the first and second branches on the stress–strain curves. As can be
seen the figure, this temporary loss in strength was experienced by
both NSC and HSC specimens and it was followed by a recovery
and subsequent additional gains in strength. This observation sug-
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Fig. 10. Influence of instrumentation arrangement on axial stress–strain curves of NSC specimens: (a) N-0.4T-0-1; (b) N-0.4T-0-2; (c) N-0.4T-0-3; (d) N-0.4T-400-1; (e) N-
0.4T-400-2; (f) N-0.4T-400-3; (g) N-0.4T-800-1; (h) N-0.4T-800-2; and (i) N-0.4T-800-3.

T. Vincent, T. Ozbakkaloglu / Construction and Building Materials 75 (2015) 144–156 153
gests a strong correlation between amount of concrete shrinkage
and amount of temporary strength loss during the transition
region on the stress strain curve. Further to this, the aforemen-
tioned observations on the ultimate conditions suggest that exist-
ing stress–strain models, which were developed on the basis of the
results from specimens with no gaps, would overestimate the
ultimate axial stresses (f0cc) of CFFTs exhibiting radial concrete
shrinkage, whereas they would underestimate the ultimate axial
strains (ecu) of these columns.
4.2.3. Lateral strain development on FRP shell
Figs. 7 and 8 present the lateral strain development in the FRP

shell and the corresponding stress–strain behavior of the initial
branch and transition region for the NSC and HSC specimens,
respectively. It can be seen in these figures that specimens with
no interface gap started developing lateral strain in the FRP shell
as soon as the axial load was applied. On the other hand, specimens
with 400 le or higher of interface gaps experienced a significant
delay in lateral strain development as the interface gap was closed
by the expanding concrete core. It is evident from Figs. 7 and 8 that
an increased delay in activation of the lateral confinement effects
of the FRP shell led to an increased drop in axial stresses of these
specimens along the transition regions of their stress–strain
curves. For example, comparison of specimen series H-0.8T-0 and
H-0.8T-1600 in Fig. 8(a) and (e) reveals that the H-0.8T-0 series
specimens experienced little to no stress drop with their FRP shell
being activated during the initial branch. On the other hand,
H-0.8T-1600 series specimens experienced a plateau or drop in
axial stress during the transition region, as the FRP shell had a sig-
nificant delay in activation. This observation suggests that a strong
correlation exists between delay in FRP activation, as indicated by
lateral strain development, and drop in axial stress near the transi-
tion region.
4.2.4. Axial strain development on FRP shell
As was previously discussed in Ozbakkaloglu and Lim [12] the

recorded ultimate axial strains (ecu) are highly sensitive to the type
of instrumentation used in their measurement. Based on a large
database of experimental results, it was shown that LVDTs
mounted along the entire height of the specimens (FLVDTs) in gen-
eral gave higher axial strains than those measured by LVDTs
mounted at mid-section of the specimens (MLVDTs). In the present
study, the discrepancies between the axial strains obtained from
these two instrumentation arrangements were experimentally
investigated. As mentioned previously, FLVDT and MLVDT mea-
surements were obtained from LVDTs attached to the loading plat-
ens and FRP shell, respectively, and the axial load was applied only
to the concrete core. Figs. 10 and 11 display the axial stress–strain
curves obtained using the two different measurement methods for
the NSC and HSC specimens, respectively, and Table 6 presents a
summary of the ultimate axial strains (ecu) determined from each
instrumentation arrangement. It is evident from these figures
and table that significant differences may exist between the axial
strains measured by these two methods.
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Fig. 11. Influence of instrumentation arrangement on axial stress–strain curves of HSC specimens: (a) H-0.8T-0-1; (b) H-0.8T-0-2; (c) H-0.8T-0-3; (d) H-0.8T-400-1; (e) H-
0.8T-400-2; (f) H-0.8T-400-3; (g) H-0.8T-800-1; (h) H-0.8T-800-2; (i) H-0.8T-800-3; (j) H-0.8T-1200-1; (k) H-0.8T-1200-2; (l) H-0.8T-1200-3; (m) H-0.8T-1600-1; (n) H-0.8T-
1600-2; and (o) H-0.8T-1600-3.
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An examination of the results for specimens with no interface
gap, presented in Table 6 and Figs. 10(a)–(c) and 11(a)–(c), reveals
that the difference between axial strains obtained from MLVDT and
FLVDT is more significant in HSC specimens compared to the com-
panion NSC specimens. In these comparisons it can be seen that the
stress–strain curves obtained from MLVDTs and FLVDTs for NSC
are quite similar along the entire curve, whereas significant
differences exist in the curves of HSC specimens obtained from
the two measurement methods beyond the initial peak. This
observed difference between NSC and HSC specimens can be
attributed to the increased concrete brittleness with increasing
concrete strength, which alters the concrete crack patterns from
heterogenic microcracks to localized macrocracks as discussed in
Ozbakkaloglu and Lim [12]. These macrocracks lead to localized
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Table 6
Comparison of axial strains measured by different methods.

Concrete grade Specimen ecu (%) Average ecu (%) MLVDT/FLVDT

FLVDTs MLVDTs FLVDTs MLVDTs

NSC N-0.4T-0-1 2.15 1.94 1.90 1.72 0.91
N-0.4T-0-2 1.78 1.50
N-0.4T-0-3 1.77 1.72
N-0.4T-400-1 2.18 0.92 2.21 1.14 0.49
N-0.4T-400-2 2.17 1.04
N-0.4T-400-3 2.29 1.46
N-0.4T-800-1 2.42 0.30 2.52 0.60 0.24
N-0.4T-800-2 2.59 0.79
N-0.4T-800-3 2.55 0.69

HSC H-0.8T-0-1 1.77 0.94 1.81 0.91 0.50
H-0.8T-0-2 1.72 0.89
H-0.8T-0-3 1.93 0.91
H-0.8T-400-1 2.44 1.20 2.36 0.84 0.35
H-0.8T-400-2 2.37 0.93
H-0.8T-400-3 2.28 0.37
H-0.8T-800-1 2.86 0.11 2.53 0.11 0.04
H-0.8T-800-2 2.40 0.10
H-0.8T-800-3 2.33 0.12
H-0.8T-1200-1 2.29 0.32 2.41 0.27 0.11
H-0.8T-1200-2 2.61 0.32
H-0.8T-1200-3 2.32 0.16
H-0.8T-1600-1 2.45 0.03 2.66 0.10 0.04
H-0.8T-1600-2 2.85 0.12
H-0.8T-1600-3 2.68 0.16
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regions of post-peak plastic deformations, which may be formed
completely or partially outside the mid-height region. As a result,
in HSC specimens the mid-section LVDTs are unable to fully cap-
ture these post peak deformations, resulting in lower ultimate
axial strain measurements compared to the full-height LVDTs.

The influence of concrete compressive strength (f0co) and inter-
face gap on the difference between axial strains obtained from
MLVDT and FLVDT measurement method can be examined in
Table 6 and Figs. 10 and 11. Similar to the observation on speci-
mens with no gap, it can be seen in Table 6 that specimens with
comparable interface gaps experience a significant decrease in
MLVDT/FLVDT with an increase in concrete compressive strength
(f0co). The results in Table 6 also indicate a strong correlation
between FRP-to-concrete interface gap and MLVDT/FLVDT ratio.
It can be seen in the table that, for a given concrete grade, an
increase in interface gap leads to a significant decrease in
MLVDT/FLVDT ratio. The observed influence of interface gap on
axial strain measurements can be attributed to the partial or com-
plete loss of bond at the interface between the concrete core and
FRP shell. It can be seen in Fig. 11 that a complete loss of bond is
evident for HSC specimens with 800 le or larger interface gaps.
It is worth noting that the bond behavior of the FRP-to-concrete
interface might have been influenced by the change in the friction
coefficient on the interface surfaces due to the provision of the
polyethylene sheets, and hence the effect may not be limited
exclusively to the size of FRP-to-concrete interface gap. It is worth
further noting that the aforementioned change in FRP-to-concrete
bond condition might have had some influence on the axial
stress–strain behaviors of the specimens, as the interface bond
condition affects the axial loading condition of the FRP tube. Addi-
tional experimental studies are required to further investigate the
influences of FRP-to-concrete interface gap and interface friction
coefficient on the compressive behavior of FRP-confined concrete.
5. Conclusions

This paper has reported the results of an experimental investi-
gation into the influence of FRP-to-concrete interface gap on the
compressive behavior of FRP-confined concrete. Based on the
results and discussion presented in this paper, the following con-
clusions can be drawn:

1. An increase in FRP-to-concrete interface gap results in a slight
decrease in strength enhancement ratio (f0cu/f0co), whereas it
leads to a significant increase in strain enhancement ratio
(ecu/eco). It is observed that the interface gap affects the strength
and strain enhancement ratios of NSC and HSC in a similar man-
ner, suggesting that the influence is independent of concrete
compressive strength (f0co).

2. For a given concrete strength (f0co), FRP-to-concrete interface
gap has no major influence on hoop rupture strain (eh,rup). On
the other hand, eh,rup is influenced significantly by concrete
compressive strength (f0co), with an increase in concrete
strength leading to a decrease in eh,rup independent of the
interface gap.

3. An increase in interface gap increases the tendency for a drop in
axial strength at the transition point between the first and
second branches of the stress–strain curve of FRP-confined con-
crete. This strength loss is caused by the delay in activation of
the confinement mechanism in the presence of the interface
gap.

4. In specimens with no interface gap, the axial strains obtained
by LVDTs placed along the full height of the specimen are
higher than those measured by LVDTs mounted at specimen
mid-section. This difference is dependent on the concrete
strength (f0co), and it is small for NSC specimens but significant
for HSC specimens.

5. An increase in the FRP-to-concrete interface gap results in a sig-
nificant decrease in the ratio of the ultimate axial strains
obtained from mid-section and full-height LVDTs (MLVDT/
FLVDT) due to a partial or complete loss of bond at the interface
between the concrete core and FRP shell.
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