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� Influence of concrete age on compressive behavior of FRP-confined concrete was investigated.
� Transition zone of stress–strain curve of FRP-confined concrete changes with concrete age.
� Dilation behavior of FRP-confined concrete changes with concrete age.
� Strength and strain enhancements decrease slightly with an increase in concrete age.
� Hoop rupture strain of FRP jacket also decreases with an increase in concrete age.
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The potential applications of fiber reinforced polymer (FRP) composites as concrete confinement in retro-
fitting existing concrete columns and in the construction of new high-performance composite columns
have received significant research attention. In practical applications, the ages of concrete in retrofitted
columns are significantly different from those of newly constructed columns. Without a full understand-
ing on the influence of concrete age on their compressive behaviors, the validity of existing experimental
findings, which are based the age of concrete at the time of testing, remains ambiguous when the design
application lapses in time. This paper presents the results of an experimental study on the influence of
concrete age on the compressive behavior of FRP-confined normal-strength (NSC) and high-strength con-
crete (HSC). The first part of the paper presents the results of 18 FRP-confined and 18 unconfined concrete
specimens tested at 7 and 28 days. To extend the investigation with specimens with concrete ages up to
900 days, existing test results of FRP-confined concrete was assembled from the review of the literature.
Based on observations from both short- and long-term influences of concrete age on compressive behav-
ior of FRP-confined concrete, a number of important findings were drawn and are presented in the second
part of the paper. It was observed that, at a same level of FRP confinement and unconfined concrete
strength, the stress–strain behavior of FRP-confined concrete changes with concrete age. This difference
is particularly pronounced at the transition zone of the stress–strain curves. It is found that, in the short-
term, the ultimate condition of FRP-confined concrete is not significantly affected by the age of concrete.
However, in the long-term, slight decreases in the compressive strength and the ultimate axial strain are
observed with an increase in concrete age.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the influence of concrete age on the compressive
behavior of FRP-confined concrete in newly constructed and retro-
fitted existing columns is of vital importance. A number of existing
studies have investigated time-related issues affecting the
compressive behavior of FRP-confined concrete under various
environmental exposures [1–6] and sustained loading [7–12].
However, none of these studies directly investigated the influence
of concrete age on the stress–strain behavior of FRP-confined con-
crete. To gain an insight into the possible changes in the behavior
of FRP-confined concrete members throughout their service lives,
influence of concrete age on the stress–strain behavior of FRP-con-
fined concrete needs to be understood. To this end, the experimen-
tal program reported in the present study investigated the axial
compressive behaviors of 18 FRP-confined and 18 unconfined
NSC and HSC specimens tested at 7 or 28 days of concrete age.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2015.02.020&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2015.02.020
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Table 2
Compression test results of unconfined specimens.

Specimen Concrete
batch

Age
(day)

w/c ratio
(%)

Avg. f0co

(MPa)
Avg. eco

a

(%)

A0-U73-D7 B1 7 0.27 72.0 0.26
A0-U73-D28 B2 28 0.29 74.9 0.26
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The specimens were prepared such that concretes at different ages
attained the same unconfined strength at the day of testing and
they were confined with the same amount of FRP. To extend the
observation range of concrete age up to 900 days, the results of
the present study were analyzed together with those from several
groups of specimens assembled from the published literature.
G0-U73-D7 B3 7 0.27 70.8 0.26
G0-U73-D28 B4 28 0.29 74.1 0.26
G0-U34-D7 B5 7 0.56 33.0 0.22
G0-U34-D28 B6 28 0.64 34.7 0.22

a Axial strains were not recorded experimentally. Values determined using
expression given by Lim and Ozbakkaloglu [13].
2. Experimental program

2.1. Test specimens and materials

18 FRP-confined and 18 unconfined concrete cylinders were prepared. All of the
specimens were 152.5 mm in diameter and 305 mm in height. The influence of con-
crete age on the mechanical properties of the confined and unconfined specimens
was investigated using six separate batches of concrete mixes. The mixes were
designed such that, in each comparison pair, companion specimens tested at 7
and 28 days developed the same test-day unconfined concrete strength. The mix
proportions of each batch of concrete is given in Table 1. Crushed bluestone gravel
of 7 mm maximum size and graded sand were used as the aggregates. The speci-
mens were manufactured using concrete mixes of two different grades, namely
HSC and NSC. The HSC specimens in Batches 1–4 had an average strength of
73.0 MPa and the NSC specimens in Batches 5 and 6 had an average strength of
33.9 MPa. To establish the final w/c ratios used in Batches 1–6, a large number of
trial batches were prepared and tested. The summary of the axial compression test
results of the unconfined specimens are given in Table 2, which provides the peak
stress (f0co) and corresponding axial strain (eco) of the specimens. The axial strain
corresponding to the peak stress of unconfined concrete (eco) was not recorded dur-
ing the compression tests, and values reported in Table 2 were calculated using the
expression proposed by Lim and Ozbakkaloglu [13].

eco ¼
f 0 0:225kd

co

1000
kska ð1Þ

where f’co is in MPa, and kd, ks, and ka, respectively, are the coefficients to allow for
concrete density, specimens size and specimen aspect ratio. Each of these coeffi-
cients becomes unity for a specimen with concrete density of 2400 kg/m3, diameter
of 152 mm and height of 305 mm, as was the case for the control cylinders of the
present study.

A total of 18 FRP tubes were prepared using a manual wet lay-up process by
wrapping epoxy resin impregnated unidirectional fiber sheets around precision-
cut high-density Styrafoam templates, which were removed prior to concrete cast-
ing. The FRP tubes were prepared using a single continuous fiber sheet and had a
single 150-mm long overlap region. The material properties of the aramid and S-
glass fiber sheets used to manufacture the FRP tubes are provided in Table 3. The
table reports both the manufacturer-supplied fiber properties and the tensile tested
FRP composite properties. The tensile properties of the FRP made from these fiber
sheets were determined from flat coupon tests, where the loading was applied in
accordance with ASTM D3039 [14].

The FRP tubes of the 12 specimens were manufactured using S-glass FRP (GFRP),
and the tubes of the remaining six specimens were manufactured with aramid FRP
(AFRP). The specimens with AFRP tubes and six of the specimens with GFRP tubes
were cast with HSC, whereas the remaining six GFRP tube encased specimens were
manufactures using NSC. The tubes of NSC and HSC specimens had two and four
layers of FRP, respectively. These FRP layer arrangements were determined based
on the understanding that the confinement demand of concrete increases with its
strength [15–18]. Three nominally identical specimens were tested for each unique
Table 1
Mix proportions of concrete specimens tested at different ages.

Designated study AFRP tube-
encased HSC

GFRP tube-
encased HSC

GFRP tube-
encased NSC

Batch B1 B2 B3 B4 B5 B6

Cement (kg/m3) 550 520 550 520 380 380
Sand (kg/m3) 710 710 710 710 710 710
Gravel (kg/m3) 1065 1065 1065 1065 1065 1065
Water (kg/m3) 133 137 133 137 213 243
Superplasticiser

(kg/m3)
20 20 20 20 0 0

Water–cementitious
binder ratio

0.270 0.294 0.270 0.294 0.560 0.640

Slump height (m) >0.250 >0.250 >0.250 >0.250 0.065 0.190
Concrete age at testing (day) 7 28 7 28 7 28
specimen configuration. The FRP-confined specimens were tested on the same day
with their companion unconfined specimens, through which the test-day uncon-
fined concrete strengths (f0co) reported in Table 2 were established.

2.2. Specimen designation

The specimens in Tables 2 and 4 were labeled as follows: the first letter A, G or C
represents the type of FRP (i.e., AFRP, GFRP or CFRP) and it is followed by the num-
ber of FRP layer; the second letter U is followed by the unconfined concrete strength
in MPa; and the third letter D is followed by the age of concrete in days at the day of
testing. Finally, the last number in the specimen designation (i.e., 1, 2 or 3) was used
to make the distinction between three nominally identical specimens. For instance,
A4-C73-D7-2 represents the second of the three nominally identical specimens,
which were tested at 7 days of concrete age were and cast from a concrete mix with
a 73 MPa unconfined concrete strength in an FRP tube manufactured with 4 layers
of aramid fibers.

2.3. Instrumentation and testing

The specimens were tested under axial compression using a 5000-kN capacity
universal testing machine. During the initial elastic stage of the behavior, the loading
was applied with the load control set at 5 kN per second, whereas displacement con-
trol operated at 0.004 mm per second beyond the initiation of transition region until
specimen failure. Prior to testing, all specimens were ground at both ends to ensure
uniform distribution of the applied pressure, and load was applied directly to the con-
crete core using precision-cut high-strength steel plates with a 150 mm diameter.

The hoop strains of the specimens were measured using 12 unidirectional strain
gauges placed at the mid-height around the circumference of specimens outside the
overlap region. As illustrated in Fig. 1, the axial strains of the confined specimens
were measured using two different methods: (i) four linear variable displacement
transformers (LVDTs) mounted at each corner of the steel loading platens with a
gauge length of 305 mm; and (ii) four LVDTs placed at the mid-height at a gauge
length of 175 mm at 90� spacing along the circumference of specimens. The read-
ings from the mid-height LVDTs were used to correct the full-height LVDT measure-
ments at the early stages of loading, where additional displacements due to closure
of the gaps in the setup were also recorded by the full-height LVDTs.

3. Test results and discussion

3.1. Failure mode

The typical failure modes of the FRP-confined specimens tested
at 7 and 28 days are illustrated in Figs. 2–4. As can be seen from the
photos, all of the specimens failed by the rupture of the FRP jackets.
As illustrated in Figs. 2(a) and 3(a), heterogenic microcrack forma-
tions were observed in the concretes of the 7-day old AFRP- and
GFRP-confined HSC specimens at failure. On the other hand, as evi-
dent from Figs. 2(b) and 3(b), the concrete in the companion 28-
day old specimens exhibited larger cracks that were more local-
ized. In the GFRP-confined NSC specimens shown in Fig. 4(a) and
(b), the change in the concrete cracking pattern from microcrack
to macrocrack with an increase in concrete age are also evident,
however the change is not as pronounced as those seen in the
HSC specimens. The observed variations in the cracking patterns
of concretes of same compressive strength suggest that the con-
crete brittleness increases with its age. This change in concrete
brittleness with concrete age is more pronounced in higher
strength concrete.
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Table 3
Material properties of fibers and FRP composites.

Type Nominal thickness tf

(mm/ply)
Provided by manufacturers Obtained from flat FRP coupon tests

Tensile strength ff

(MPa)
Ultimate tensile
strain ef (%)

Elastic modulus
Ef (GPa)

Tensile strength ffrp

(MPa)
Ultimate tensile
strain efrp (%)

Elastic modulus
Efrp (GPa)

Aramid 0.200 2600 2.20 118.2 2390 1.86 128.5
S-glass 0.200 3040 3.50 86.9 3055 3.21 95.3

Table 4
Compression test results of confined specimens tested at different ages.

Specimen Concrete batch Age (day) f0cc (MPa) ecu (%) eh,rup (%) f0cc/f0co Avg. f0cc/f0co ecu/eco Avg. ecu/eco ke,f Avg. ke,f

A4-U73-D7-1 B1 7 132.4 1.92 1.74 1.84 1.94 7.34 8.11 0.79 0.86
A4-U73-D7-2 145.1 2.30 2.04 2.02 8.79 0.93
A4-U73-D7-3 140.5 2.15 1.87 1.95 8.21 0.85

A4-U73-D28-1 B2 28 130.1 1.88 1.65 1.74 1.78 7.12 7.21 0.75 0.81
A4-U73-D28-2 130.5 1.69 1.67 1.74 6.40 0.76
A4-U73-D28-3 139.3 2.14 2.02 1.86 8.10 0.92

G4-U73-D7-1 B3 7 126.7 2.51 2.57 1.79 1.77 9.63 9.25 0.73 0.72
G4-U73-D7-2 128.4 2.36 2.44 1.81 9.05 0.70
G4-U73-D7-3 121.3 2.37 2.57 1.71 9.09 0.73

G4-U73-D28-1 B4 28 136.0 2.69 2.45 1.84 1.85 10.21 10.17 0.70 0.68
G4-U73-D28-2 138.7 2.74 2.46 1.87 10.40 0.70
G4-U73-D28-3 136.3 2.61 2.23 1.84 9.91 0.64

G2-U34-D7-1 B5 7 67.3 3.06 2.72 2.04 2.07 13.93 14.54 0.78 0.80
G2-U34-D7–2 68.7 3.08 2.97 2.08 14.02 0.85
G2-U34-D7-3 69.3 3.44 2.73 2.10 15.66 0.78

G2-U34-D28-1 B6 28 78.1 3.39 2.45 2.25 2.20 15.26 15.38 0.70 0.71
G2-U34-D28-2 76.3 3.63 2.48 2.20 16.34 0.71
G2-U34-D28-3 75.1 3.23 2.49 2.16 14.54 0.71

LVDT 4LVDT 1

LVDT 3LVDT 2

LVDT 8

Lateral 
SGs

Ø 150 mm
Steel disc

Steel platen

500 mm 

305 mm175
mm

LVDT 7LVDT 5

Fig. 1. Test setup and instrumentation.

(a)                                                         (b)

Fig. 2. Failure modes of AFRP-confined HSC specimens tested at: (a) 7 days; and (b)
28 days.
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3.2. Axial stress–strain and lateral strain–axial strain relationships

Fig. 5(a) and (b) illustrate the different stages observed on a
typical axial stress–strain curve and the corresponding lateral
strain–axial strain curve of the specimens. The different stages
marked on these curves were established based on the observed
changes in the concrete expansion behavior, which is indicated
by different tangential slopes of the corresponding regions shown
in Fig. 5(b), namely: linear elastic region, rapid expansion region,
and stabilized dilation region. These regions matches the three
different portions of the axial stress–strain curves shown in
Fig. 5(a), namely: first ascending portion, transition region, and
second ascending branch.
The axial stress–strain curves of the AFRP-confined HSC, GFRP-
confined HSC, and GFRP-confined NSC specimens are shown in
Figs. 6–8, respectively. As illustrated in the figures, the shape of
stress–strain curves of both the 7-day and 28-day old specimens
initiated with an ascending branch that was followed by a transi-
tion region, which connected the initial branch to a nearly
straight-line second branch. As evident from the curved segments
marked in Figs. 6–8, there were significant differences in the radii
of the transition regions of the 7-day and 28-day old specimens.
Comparisons of Figs. 6(a) and (b) and 7(a) and (b) indicate that
the transition radii of the 7-day old HSC specimens were larger
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(a)                                                         (b)

Fig. 3. Failure modes of GFRP-confined HSC specimens tested at: (a) 7 days; and (b)
28 days.
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than those of their 28-day old counterparts. For the NSC speci-
mens, the change in the transition radii with concrete age was less
pronounced but can still be seen from the comparison of Fig. 8(a)
and (b). The reduction in the transition radius with concrete age
can be attributed to the change in the concrete cracking pattern
from microcracks to macrocracks, as illustrated earlier in Figs. 2–4.

The resulting influence of the change in concrete cracking pat-
tern on the dilation behavior of concrete can be seen in the lateral
strain–axial strain relationships shown in Figs. 9–11. To enable an
easier observation of these differences, the segments correspond-
ing to the transition regions on the axial stress–strain curves are
also marked on the companion lateral strain–axial strain curves
in Figs. 9–11. In addition, the average slope of the marked segment
in each figure is indicated by the dash-dotted line. As evident from
Figs. 9–11, the curves of the 28-day old specimens exhibited higher
tangential slopes within the marked segments compared to the
curves of the 7-day old specimens. The increased tangential slope
indicates that the concrete dilation rates of the 28-day old speci-
mens are higher at the transition region as a result of the more
rapid concrete expansion. This rapid concrete expansion can be
attributed to the increased concrete crack size due to the change
(a)                                                         (b)

Fig. 4. Failure modes of GFRP-confined NSC specimens tested at: (a) 7 days; and (b)
28 days.
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Fig. 7. Axial stress–strain curves of GFRP-confined HSC specimens tested at: (a)
7 days; and (b) 28 days.
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Fig. 8. Axial stress–strain curves of GFRP-confined NSC specimens tested at: (a)
7 days; and (b) 28 days.
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Fig. 9. Lateral strain–axial strain curves of AFRP-confined HSC specimens tested at:
(a) 7 days; and (b) 28 days.
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Fig. 10. Lateral strain–axial strain curves of GFRP-confined HSC specimens tested
at: (a) 7 days; and (b) 28 days.

J.C. Lim, T. Ozbakkaloglu / Construction and Building Materials 82 (2015) 61–70 65
in cracking pattern from microcrack to macrocrack formation, as
seen earlier from the failure modes of the specimens in Figs. 2–4.
It can also be seen from Figs. 9(b) to 11(b) that the 28-day old
specimens experienced higher concrete dilation rates as a result
of the change in concrete cracking pattern. This increased concrete
dilation rates in turn resulted in smaller transition radii of the axial
stress–strain curves shown earlier in Figs. 6(b)–8(b). The
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at: (a) 7 days; and (b) 28 days.
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observations from Figs. 6 to 11 indicate that, for concretes with the
same strength, an increase in concrete age alters the cracking pat-
tern and dilation rate of concrete, which in turn reduces the tran-
sition radius of the stress–strain curves.

3.3. Ultimate conditions

The ultimate condition of FRP-confined concrete is often char-
acterized as the ultimate axial stress and strain of concrete record-
ed at the rupture of the FRP jacket. This makes the relationship
between the ultimate axial stress (f0cu), ultimate axial strain (ecu)
and hoop rupture strain (eh,rup) an important one. The test results
of the FRP-confined specimens of the present study are given in
Table 4, which include: the concrete age; compressive strength
and ultimate axial strain of the specimens (f0cc and ecu); hoop rup-
ture strain (eh,rup); strength and strain enhancement ratios (f0cc/f0co

and ecu/eco); and hoop strain reduction factor (ke,f). The hoop strain
reduction factor (ke,f) of the confined specimens was calculated as
the ratio of the hoop rupture strain (eh,rup) to ultimate tensile strain
of the fiber (ef). The ultimate axial strain of confined concrete (ecu)
reported in Table 4 was averaged from the four steel platen mount-
ed LVDTs, with corrections supplied from the four mid-section
LVDTs, as mentioned previously.

3.3.1. Strength and strain enhancements
To illustrate the influence of concrete age on the ultimate condi-

tion of FRP-confined concrete, Figs. 12(a) and 13(a) show the varia-
tion of the strength and strain enhancement ratios (f0cc/f0co and ecu/
eco) with concrete age for specimens of the present study.
Comparison of the first two groups of specimens in Figs. 12(a) and
13(a) indicates that both the strength and strain enhancement
ratios (f0cc/f0co and ecu/eco) of the 7-day old AFRP-confined HSC speci-
mens were slightly higher than that of their 28-day old counter-
parts. As opposed to the AFRP-confined specimens, the 7-day old
GFRP-confined HSC and NSC specimens had slightly lower strength
and strain enhancement ratios (f0cc/f0co and ecu/eco) than their 28-day
old counterparts, as evident from the comparison of the remaining
four groups of specimens in Figs. 12(a) and 13(a). To gain further
insight into this influence, a large experimental test database that
was assembled through an extensive review of the literature
[18,19] was also studied in the analysis. Specimen groups were pre-
pared by sorting specimens in the database according to the speci-
men unconfined concrete strengths, geometrical dimensions, types
of FRP material, amount of FRP confinement, and concrete age.
These specimen groups, as summarized in Table 5, were sorted such
that the concrete age was the only variable with the other para-
meters remaining nearly constant. The strength and strain enhance-
ment ratios (f0cc/f0co and ecu/eco) of these specimen groups are
presented in Figs. 12(b and c) and 13(b and c), respectively. In
Fig. 12(b), a slight reduction in the strength enhancement ratios
(f0cc/f0co) with concrete age can be seen in the specimen group tested
at 77 and 102 days, but no notable change is evident in the specimen
groups tested at 28 and 61 days and 48 and 358 days. Fig. 13(b)
illustrates that the strain enhancement ratios (ecu/eco) of all of these
specimen groups decreased slightly with an increase in concrete
age. Furthermore, as can be seen in Figs. 12(c) and 13(c), both the
strength and strain enhancement ratios (f0cc/f0co and ecu/eco)
decreased with an increase in concrete age from 450 and 900 days.
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Fig. 13. Variations of strain enhancement ratio (ecu/eco) with concrete age: (a) 7–
28 days; (b) 28–358 days; and (c) 450–900 days.
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These observations indicate that, for specimens with up to 28 days
of concrete age, the concrete age does not have a notable influence
on the ultimate condition of FRP-confined concrete, and the slight
differences observed in the test results appears to be mainly a mar-
gin of scatter among the results of different specimen groups. On the
other hand, the results suggest that the strength and strain
enhancements seen in FRP-confined concrete tends to decrease
Table 5
Summary of referenced specimen results in Figs. 12, 13, 15.

Group Paper Number of
specimens

G6-U85-D28 Lim and Ozbakkaloglu [27] 3
G6-U85-D61 Lim and Ozbakkaloglu [27] 3

C5-U103-D77 Vincent and Ozbakkaloglu [17] 3
C5-U103-D102 Vincent and Ozbakkaloglu [17] 3

A6-U110-D48 Ozbakkaloglu and Vincent [16] 6
& Lim and Ozbakkaloglu [27] 3

A6-U110-D358 Lim and Ozbakkaloglu [27] 3

C2-C41-D450 Saenz and Pantelides [1] 3
C2-C41-D900 Saenz and Pantelides [1] 3

G1-C41-D450 Saenz and Pantelides [1] 3
G1-C41-D900 Saenz and Pantelides [1] 3
with an increase in concrete age for specimens with concrete ages
of over 450 days. This effect is less pronounced for specimens with
concrete ages between 28 and 450 days.

To validate the observed influence of concrete age on the ulti-
mate condition of FRP-confined concrete, the results in the large
experimental test database [18,19] was further studied. Out of
1063 available results, 339 and 329 datasets that were reported
with concrete age details were used respectively to investigate
the influence of concrete age on compressive strength (f0cc) and
ultimate axial strain (ecu). Fig. 14(a) and (b), respectively, show
the observed variations in the strength and strain enhancement
coefficients (k1 and k2) with concrete age (d). The strength and
strain enhancement coefficients (k1 and k2) shown in Fig. 14, which
represent the level of increase in the compressive strength (f0cc)
and ultimate axial strain (ecu) with an increase in the level of con-
finement, were calculated using the model proposed by
Ozbakkaloglu and Lim [18]. As can be seen in Fig. 14, both k1 and
k2 exhibit trendlines with a very shallow descending slope. As a
result, the ultimate condition of FRP-confined concrete is not par-
ticularly sensitive to the variation in the concrete age in the short-
term. However, the said trend results in slightly lower compressive
strengths and ultimate axial strains of specimens with higher con-
crete ages when the longer term behavior is considered.
3.3.2. Hoop strain reduction
It has been discussed previously in a number of studies [15–

18,20–25] that the ultimate hoop strain (eh,rup) reached in the
FRP jacket is often smaller than the ultimate tensile strain of the
fibers (ef), which necessitates the use of a strain reduction factor
(ke,f) in the determination of the actual confining pressures. The
recorded hoop rupture strains (eh,rup) and calculated strain reduc-
tion factors (i.e., ke,f = eh,rup/ef) of the specimens in the present
study are provided in Table 4. It was recently demonstrated by
the authors that the hoop rupture strain of FRP jacket reduces with
an increase in the concrete strength [15,18,26]. A similar phe-
nomenon was observed in the specimens of the current study,
which is evident from the comparison of the results of the 28-
day old GFRP-confined HSC and NSC specimens (Batches B4 and
B6) that shows a reduction in the recorded ke,f values with an
increase in unconfined concrete strength (f0co).

The results shown in Table 4 also indicate that the hoop rupture
strain of FRP jacket is influenced by the age of concrete. Fig. 15
shows the variation of ke,f values with concrete age of the specimen
groups tested in the present and the existing studies [2,16,17,27].
As illustrated in Fig. 15(a), the test results of the 7-day and 28-
day old specimens with comparable unconfined concrete strength
(f0co) show that ke,f decreased with an increase in concrete age. This
reduction in ke,f became less pronounced with a further increase in
Concrete age
(day)

f0co

(MPa)
Dimensions of
cylinder (mm)

Details of FRP
confinement

28 84.5 152.5 � 305 6 layers of GFRP
61 84.8

77 102.5 152 � 305 5 layers of CFRP
102 102.5

47–48 104.5 152.5 � 305 6 layers of AFRP
48 109.8
358 113.5

439–450 40.3 152 � 304 2 layers of CFRP
886–900 41.7

439–450 40.3 152 � 304 1 layer of GFRP
886–900 41.7
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concrete age from 28 to 358 days, as illustrated in Fig. 15(b). In
Fig. 15(c), no notable trend of the variation of ke,f values can be
seen from the change of concrete age from 450 to 900 days.
These observations suggest that, for concretes of same strength,
an increase in concrete age results in a reduction in the hoop rup-
ture strain of FRP jackets. However, this effect becomes less pro-
nounced when the concrete age reaches a certain threshold. This
reduction can be attributed to the previously discussed influence
of concrete age on concrete cracking pattern and resulting brittle-
ness, as was illustrated in Figs. 2–4. As a result of the change in the
concrete cracking pattern from heterogenic microcracks to local-
ized macrocracks, the hoop strain distribution in the circumference
of the FRP jacket becomes less uniform, which results in a lower
recorded average rupture strain. This change in the concrete crack-
ing pattern, however, becomes less pronounced with a further
increased concrete age, as can be seen from the more subtle
changes in the ke,f values of the higher age specimens in
Fig. 15(b) and (c), which suggests that concrete brittleness remains
unchanged after a certain concrete age.

3.4. Axial strain measurement methods

As was previously discussed in Ozbakkaloglu and Lim [19], the
recorded ultimate axial strains (ecu) are highly sensitive to the type
of instrumentation used in their measurement. In the present
study, factors causing difference between the axial strains obtained
from LVDTs mounted at mid-height of the specimens (AML) and
LVDTs mounted along the entire height of the specimens (AFL) were
experimentally investigated. An example comparison is shown in
Fig. 16, which illustrates the typical stress–strain curves of the
NSC and HSC specimens obtained using the two different measure-
ment methods. As evident from the figure, for the NSC specimens,
the difference between the strains obtained from the two measure-
ment methods is minimal. On the other hand, this difference is sig-
nificant for the HSC specimens. Table 6 presents the ultimate axial
strains (ecu) of specimens recorded using the two measurement
methods. Fig. 17(a) shows the comparison of the difference
between the axial strains obtained from LVDTs mounted at mid-
height of the specimens (AML) and those mounted along the entire
height of the specimens (AFL), defined as AML/AFL ratio, with a
change in unconfined concrete strength (f0co). As evident from the
figure, the difference between AML and AFL increases with an
increase in unconfined concrete strength (f0co). This, once again,
can be attributed to the change in the concrete cracking pattern
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Table 6
Comparison of axial strains measured by different methods.

Specimen Concrete
batch

Average
f0co (MPa)

Average ecu

(%)
AML/AFL

AFL AML

A4-U73-D7 B1 70.0 2.12 1.65 0.78
A4-U73-D28 B2 74.9 1.90 1.15 0.61
G4-U73-D7 B3 69.5 2.41 1.33 0.55
G4-U73-D28 B4 74.1 2.68 1.39 0.52
G2-U34-D7 B5 32.3 3.19 3.23 1.01
G2-U34-D28 B6 34.7 3.42 3.53 1.03

AFL: axial strain determined from LVDTs mounted along the entire height of the
specimen.
AML: axial strain determined from LVDTs mounted at the mid-height of the
specimen.
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from microcracks to macrocracks as a result of the increased con-
crete brittleness with an increase in concrete strength. Detailed dis-
cussions on this phenomenon can be found in Ozbakkaloglu and
Lim [19] and Lim and Ozbakkaloglu [27].

Closer investigation of the result of the present study indicates
that the AML/AFL ratio is also influenced by the age of concrete.
This is evident from Fig. 17(b), which shows that the AML/AFL ratio
reduces slightly with an increase in the age of the HSC specimens.
This variation in the AML/AFL ratio can also be attributed to the
change in the concrete cracking pattern [19,27], with larger crack
formations observed in specimens with a higher age, as was previ-
ously shown in Figs. 2 and 3. These observations indicate that both
the unconfined concrete strength and concrete age of FRP-confined
concrete influence the concrete cracking behavior, which in turn
affect the relative measurements obtained from the two axial
strain measurement method. Therefore, when reporting results of
experimental studies it is important to specify the type of instru-
mentation used in the measurement of axial strains to allow an
accurate interpretation of the reported strain data.
4. Conclusions

This paper has presented the results of an experimental study
on the influence of concrete age on the axial compressive behavior
of FRP-confined NSC and HSC. Based on the results and discussions
presented in the paper, the following conclusions can be drawn:

1. For a given unconfined concrete strength, the change in con-
crete age does not significantly alter the ultimate condition of
FRP-confined concrete with a concrete age up to 28 days. On
the other hand, in the longer term, the compressive strength
and the ultimate axial strain of FRP-confined concrete tend to
decrease slightly with an increase in the concrete age.

2. The transition regions of stress–strain curves of FRP-confined
concrete are observed to be sensitive to the change in concrete
age, with specimens tested at a higher age exhibiting curves
with smaller transition radii. This observed change has been
shown to be a result of the change in the concrete cracking pat-
tern, from microcrack to macrocrack formation, as the concrete
age increases. This change in the cracking pattern results in a
more rapid concrete expansion and hence increases the con-
crete dilation rate at the transition region.

3. The hoop rupture strains of FRP jackets decrease with an
increase in concrete strength. Furthermore, in specimens with
similar unconfined concrete strengths, the hoop rupture strain
of FRP also decreases with an increase in concrete age.
However, this effect becomes less pronounced when the con-
crete age reaches a certain threshold.

4. The difference between the axial strains obtained from LVDTs
mounted at mid-height of the specimen (AML) and those
mounted along the entire specimen height (AFL) increases with
an increase in the concrete strength. As a result, a significant
difference exists between AML and AFL of HSC specimens. For
the HSC specimens with similar unconfined concrete strengths,
this difference tends to further increase with an increase in the
concrete age. On the other hand, no notable difference exists in
the axial strains of NSC specimens obtained from these two
measurement methods.
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