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Research published on the axial compressive behavior of fibre-reinforced polymer (FRP)-confined con-
crete columns has been generally based on small-sized specimens. There have been limited studies pub-
lished on large-sized columns and there have also been limited studies on the validity of upscaling results
obtained from small-sized specimens. On account of such knowledge gap, this paper presents the test
results of 23 carbon FRP-confined square concrete columns of varying sizes subjected to monotonic axial
compression. The specimens were sorted into 10 groups based on (i) specimen size, (ii) theoretical lateral
FRP confining pressure, (iii) number of layers of FRP wrap, and (iv) inclusion and exclusion of internal
steel reinforcement. In each group, the specimens consisted of different cross-sectional sizes but the
same theoretical lateral confining pressure. The experimental results showed that specimen size had
no significant effect on the axial stress-strain behavior of FRP-confined medium- and small-sized col-
umns (i.e. sections defined herein equal to and less than 300 mm in width). The axial stress-strain
responses exhibited differences as the specimen size increased. This was especially the case for FRP-
confined large-sized columns (i.e. sections defined herein equal to and larger than 350 mm in width).
The rupture strain of the FRP wrap at the corner regions is proposed to be defined as the effective lateral
rupture strain of FRP, and this strain was shown to decrease with an increase of specimen size. Based on
the test results, a modified FRP effective strain factor model considering the influence of size effect is
proposed.
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1. Introduction

The axial compressive behavior of fibre-reinforced polymer
(FRP)-confined concrete has received significant attention over
the last two decades. As a result, it is now well established that
the confinement of concrete with FRP composites can substantially
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enhance concrete strength and ductility. A number of experimental
and theoretical investigations have been conducted to date on FRP-
confined concrete columns [1-13]. The majority of such studies
have focused on the axial compressive performance of FRP-
confined small-sized cylinders and prisms. In cases, axial stress-
strain models have been developed and such models are very
important for the design of FRP-strengthened structures. Small
specimens, as opposed to large-sized specimens, are widely used
in tests since they are relatively easy to handle, economical, and
typically require more readily available test equipment of lesser
size and capacity. However, the validity of extrapolating results
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from small-sized test specimens as well as the proposed models
arising to more realistic larger-sized columns has been largely
devoid of research. Moreover, design codes for concrete structures
retrofitted with FRP composites [14,15] do not consider size effect.
In this paper, large-size, medium-size, small-size and very small-
size columns are defined by cross-sectional dimensions of about
350 mm (and greater), 250 mm, 100 mm, and 50 mm, respectively.
These sizes are based on comparison with real structures by the
authors and they have also been defined in a similar manner in
other studies as well [16-18].

Limited studies have been conducted on the influence of cross-
sectional size on the axial compressive behavior of FRP-confined
concrete columns [16-25]. For FRP-confined circular columns,
most of the existing studies indicated that the cross-sectional size
has no obvious influence on the axial stress-strain behavior. For
example, Thériault et al. [16] tested FRP-confined circular columns
with three different diameters and two different slenderness
ratios. The test results indicated that no significant size effect
was observed for medium-(152 mm in diameter) and large-sized
(304 mm in diameter) columns. Size effects were evident only in
very small specimens of 51 mm in diameter. Carey and Harries
[19] investigated the axial behavior of FRP-confined circular col-
umns with similar confining stiffness but different sizes. The
results showed that the column sizes had no significant influence
on the axial stress-strain behavior. Zhu et al.’s [20] experimental
studies on the axial compression behavior of concrete-filled FRP
tubes showed that specimen size did not appear to influence either
the confinement or the overall axial compression response. In
another study, Elsanadedy et al. [17] investigated experimentally
and numerically the influence of size effect on FRP-wrapped con-
crete circular columns. Thirty-seven concrete cylinders with three
different sizes (50, 100 and 150 mm in diameter) were tested. The
test and numerical results showed the effect of specimen size on
FRP-confined circular concrete columns to be insignificant. Never-
theless, Pessiki et al. [21] indicated that the stiffness of the FRP
confinement in specimens of small-size may be significantly
greater than larger-sized columns that would be expected in prac-
tice. Cross-section geometry therefore significantly influenced the
axial behavior of FRP jacketed specimens.

Studies on FRP-confined noncircular columns, however, pro-
duced results opposite to circular columns in that the cross-
sectional size significantly influenced the axial compressive behav-
ior. For example, Masia et al. [22] tested the axial compressive
behavior of 30 square columns with 3 different cross-sectional
sizes (100 mm, 125 mm and 150 mm). The test results indicated
that the effectiveness of the FRP confinement reduced with
increasing cross-sectional size. However, in this study the corner
radius was 25 mm for all the specimens. In this case, the shape
factor of small-sized columns was larger than that of larger-sized
columns. Note that the shape factor refers to the ratio of the
effectively confined concrete to the total cross-sectional area of
concrete. Consequently, the results in this study were influenced
not only by cross-sectional size but also the corner radius (r¢).
The conclusions of the influence of size effect are therefore ques-
tionable. Rocca [23] tested larger-sized FRP-confined square RC
columns with cross-sectional widths (b) of 324 mm, 457 mm,
648 mm and 914 mm. The test results showed clear differences
in the axial stress-strain behavior between smaller and larger
columns. Toutanji et al. [18] tested three field-size square
(355 x 355 mm) and rectangular (250 x 500 mm) columns under
axial compression. Based on test results, existing ultimate axial
strength and stress-strain models which have mostly been devel-
oped for small-scale specimens were evaluated. The comparison
indicated that some models failed to adequately characterize the
axial stress-strain response of the tested large-scale columns.
Wang and Wu [24] studied experimentally the size effect of short

concrete columns confined with aramid FRP (AFRP). The test
results demonstrated that specimen size had significant effect on
the strength of confined columns, but it had lesser effect on the
axial stress-strain curves. It also had a slight effect on the failure
modes. Based on the test results, a sized-dependent stress model
was proposed by modifying BaZant’s size-effect law. Finally, Wang
et al. [25] investigated the axial stress-strain behavior of carbon
FRP (CFRP)-confined larger-sized concrete square columns with
two specimen sizes but the same ratio of r./b. Their test results
showed that the effective lateral confinement of CFRP was signifi-
cantly influenced by the cross-sectional dimensions of the confined
columns. In summary, existing studies have mostly confirmed that
cross-sectional size has no real apparent influence on the behavior
of FRP-confined circular columns, but it does have significant effect
on FRP-confined noncircular columns. As findings to date are not
that conclusive, further research on the influence of size effect on
FRP-confined noncircular columns is warranted.

This paper presents an experimental study on CFRP-confined
square columns with different cross-sectional sizes subjected to
monotonic axial compression. A total of 23 unreinforced and rein-
forced concrete columns divided into 10 groups were fabricated
and tested. Five of the groups consisted of plain concrete columns
while the other five groups consisted of concrete columns rein-
forced with steel reinforcement. In each group, the specimens con-
sisted of different cross-sectional sizes but the same theoretical
lateral confining pressure calculated according to ACI 440.2R-08
[14]. The test results are used to confirm whether size effect exists
in FRP-confined square columns, especially in larger-sized col-
umns. A new FRP effective strain factor model for FRP-confined
square concrete columns, considering the influence of cross-
sectional size, is finally proposed.

2. Experimental program
2.1. Test specimens and materials

The test specimens consisted of seven different cross-sectional sizes which var-
ied from 100 mm to 400 mm, as shown in Fig. 1. All specimens, however, contained
the same height to cross-sectional width ratio (H/b) of 3.0 in order to ensure the
influence of slenderness ratio was not a test variable. Existing studies have demon-
strated that the confinement efficiency of wrapped FRP was significantly influenced
by the corner radii of noncircular columns [26]. However, on account of the position
of the internal steel reinforcement, the corner radius cannot be rounded as large as
ideally desired. To ensure the influence of corner radius was the same for all the
specimens, the corner radius to width ratio (r./b) was set to be constant value of
0.15 for all specimens. The test specimens were divided into 10 groups. Five of
the groups (i.e. groups GA1 to GA5) consisted of plain concrete columns while
the remaining five groups (i.e. groups GB1 to GB5) consisted of concrete columns
reinforced with steel reinforcing bars. The specimens of each group contained dif-
ferent cross-sectional sizes but the same theoretical lateral FRP confining pressure
according to ACI 440.2R-08 [14]. For the steel reinforced specimens, approximately
the same longitudinal and lateral steel reinforcement ratios were maintained.

The lateral FRP confining pressure model adopted by ACI 440.2R-08 [14] is
expressed as:

-~ 2Eintiége
f, = 2Eie 1)

where f, = lateral confining pressure of FRP, E; = elastic modulus of FRP, n = number
of layers of fibre sheet, t; = thickness of one ply of FRP wrap, &g = effective lateral
strain of FRP at failure, and D = diameter of circular column. For noncircular cross
sections, f; in Eq. (1) corresponds to the lateral confining pressure of an equivalent
circular cross section with diameter D equal to the length of the diagonal of a rect-
angular cross section as follows

D=/b* + 1 )

where b = section width and h = depth of column section. As a result, the equivalent
diameter of square columns is equal to [v/2b. For the reinforced concrete columns
investigated, the longitudinal steel reinforcement ratio and the volumetric ratio
of the hoop reinforcement were approximately equal to 1.5% and 0.4%, respectively.
In addition, the hoop reinforcements were terminated inside the core concrete
using a 90° hook in order to simulate non-ductile RC columns. The reinforcement
details of each group are illustrated in Fig. 1.
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Fig. 1. Specimen dimensions and reinforcement details.

The columns were produced from one batch of ready mixed concrete that was
poured into wooden molds. Each corner radius (r) of each mold was defined by
inserting quarter circular shaped iron sheets. The average compressive cylinder
strength during column tests was 25.4 MPa. After the concrete had achieved an
age of 28 days, a high tensile strength uni-directional carbon fibre sheet was
applied in the hoop direction in a wet lay-up manner for the required number of
layers of each wrapped specimen. In order to avoid premature failure, intervention
strategies were implemented. These strategies consisted of adding internal hoop
reinforcement spaced at 50 mm centers at the column ends, and adding one addi-
tional layer of CFRP wrap extending from 40 mm to 200 mm for column widths
varying from 100 mm to 400 mm, respectively. The material properties of the CFRP
were obtained by testing six flat coupons of 25 mm width and 200 mm length in
accordance with ASTM D3039 [27]. In addition, the properties of the steel reinforce-
ment were determined in accordance with ASTM E8/E8M [28]. Table 1 provides a
summary of the FRP and steel test results.

Table 2 provides a comprehensive overview of the details of the test specimens.
The specimen identification convention utilized in Table 2 is based on the first letter
P or R referring to unreinforced (plain) or reinforced concrete, respectively. The fol-
lowing number in the specimen identification refers to the cross-sectional size (e.g.
100 = 100 mm wide section). The last letter L and number following refer to the
number of layers of carbon fibre sheet wrap.

2.2. Instrumentation and testing

The test setup and instrumentation layout are shown in Fig. 2. All of the column
tests were conducted in an Amsler universal test machine of 5000 kN capacity. In
addition, the applied load was measured via a load cell installed at the top of each

Table 1
Tested mechanical properties of steel reinforcement and CFRP wrap.
Material Diameter/ Yield strength Ultimate Elastic
thickness (MPa)/rupture strength modulus
(mm) strain (MPa) (GPa)
Longitudinal ds=8 fy=418 fsu=502 E;=210
steel ds=10 fy=356 feu=515 Es=210
d;=14 fy=380 fou=480 E;=210
ds=16 fy=350 fou =446 Es=210
ds=20 fy=328 fou =466 Es=210
Hoop steel ds=6 fy=338 fou=479 Es=200
CFRP tr=0.167 &re = 0.18% fr=4340 Er=240

test column. The CFRP and steel reinforcement strains were measured using strain
gauges of gauge lengths 10 mm and 2 mm, respectively. Wang et al.’s [25] tests
indicated that the effective strain could be based on the hoop strains at the corner
regions of the column section. Consequently, in this study more attention was paid
to instrumentation of the corner regions. Strain gauges were therefore adhered to
the surface of the CFRP wrap in the hoop direction at column mid-height to mea-
sure hoop strain while extra strain gauges were mounted at the corner regions,
as shown in Fig. 2. For all column tests, the axial strains were calculated from four
longitudinally oriented linear variable differential transformers (LVDTs). These
LVDTs were fixed on the columns by two steel frames as shown in Fig. 2. The LVDTs
were located at the four corner regions of each specimen with the gauge length
being equal to about one third of the column height. For RC columns, strain gauges
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Table 2
Specimen details and summary of test results.
Specimen b H Te LRB Hoops n fi feo fau Ecu Eh,rup Em,rup Efe
mm mm mm MPa MPa Ja % % % %

GA1 P100L1 100 300 10 - - 1 6.01 25.7 1.56 2.280 -1.114 —1.208 —1.083
P200L2 200 600 28 - - 2 6.01 24.6 1.53 1.934 -0.897 —0.969 —0.849
P300L3 300 900 42 - - 3 6.01 22.7 1.55 2.824 -0.751 -0.781 -0.729
P400L4 400 1200 45 - - 4 6.01 211 1.27 1.884 -0.615 -0.729 -0.501

GA2 P150L1 150 450 20 - - 1 4.00 254 1.48 2.229 —1.087 —1.403 -0.993
P300L2 300 900 35 - - 2 4.00 22.7 143 1.837 -0.794 —-0.928 —0.700

GA3 P175L1 175 525 25 - - 1 3.43 252 139 1.738 -1.121 —1.155 -1.020
P350L2 350 1050 45 - - 2 343 219 1.22 1.141 -0.711 -0.815 -0.617

GA4 P175L2 175 525 25 - - 2 6.86 25.2 1.77 2.333 -0.897 —0.898 -0.897
P350L4 350 1050 40 - - 4 6.86 219 1.51 2.807 —0.768 —-0.904 —0.660

GA5 P200L1 200 600 25 - - 1 3.00 24.6 1.21 1.112 -0.917 -1.017 -0.797
P400L2 400 1200 55 - - 2 3.00 211 1.03 1.434 —0.638 —0.728 -0.587

GB1 R200L2 200 600 23 8¢10 $6@160 2 6.01 24.6 1.71 2.200 -0.897 —-1.153 -0.743
R300L3 300 900 42 8¢p14 $6@105 3 6.01 22.7 1.75 2.954 —0.853 —1.009 -0.715
R400L4 400 1200 52 8620 $8@140 4 6.01 21.1 (1.13) (0.591) (~0.139) (—0.149) (—0.099)

GB2 R150L1 150 450 19 8¢8 $6@200 1 4.00 254 1.25 1.115 —0.864 —-0.969 —0.866
R300L2 300 900 45 814 $6@105 2 4.00 22.7 1.50 2.012 —0.804 -0.977 —0.696

GB3 R175L1 175 525 26 8¢8 $6@180 1 3.43 252 1.53 1.253 -0.967 —-0.993 —0.949
R350L2 350 1050 48 816 $8@160 2 3.43 21.9 1.19 0.924 —-0.532 —-0.539 —-0.528

GB4 R175L2 175 525 24 8¢8 $6@180 2 6.86 25.2 2.21 2.343 —-0.953 —0.996 -0.934
R350L4 350 1050 45 8616 $8@160 4 6.86 21.9 (1.49) (0.923) (~0.409) —(0.421) (~0.399)

GB5 R200L1 200 600 27 8¢10 $6@160 1 3.00 24.6 133 1.011 —0.745 —0.752 -0.730
R400L2 400 1200 58 8¢$20 $8@140 2 3.00 211 (1.13) (0.355) (-0.165) (-0.170) (-0.161)

Note: The axial stress and strain are defined as positive and the lateral strain as negative; P = plain concrete; R = reinforced concrete; b = nominal width of cross section;
H =nominal height of specimen; r.=measured corner radius; LRB = longitudinal reinforcement bars; n = layers of wrapped CFRP; f; = theoretical lateral FRP confining
pressure; foo = peak stress of unreinforced concrete columns considering size effect; f., = ultimate stress of confined concrete at failure; &, = strain corresponding to fe,; én,
rup = average lateral rupture strain of all CFRP strain gauges; &m ,p = average lateral rupture strain of CFRP strain gauges at middle of sides; & = average lateral rupture strain
of CFRP strain gauges at corners. Note that values in brackets refer to maximum recorded result (i.e. not based on failure of test specimen).

Overlap —ig--~
Load cell —>. p/ S =

Steel frame \ y

7

Strain gauges

Fig. 2. Test setup and instrumentation details.

were bonded onto the hoop and longitudinal steel reinforcement to measure the
strain of the internal reinforcement.Before testing, the specimens were pre-
loaded/unloaded to 0.2 f A, in order to center the load (note that A, is the gross
section of each specimen). During the preload/unload process, the position of spec-
imens were adjusted until the monitored values of four LVDTs surrounding each
specimen were approximately the same. In this case, the specimens were regarded
to be subjected to concentric axial load. Then the specimens were initially tested
under a load controlled manner at a loading rate of approximately 0.15 MPa/s
before the axial load reached the compressive concrete cylinder strength. After
the compressive cylinder concrete strength was reached, the load was then applied
in a constant displacement control manner at a rate of approximately 0.00004 mm/
mm/s.

3. Test results and discussion
3.1. Failure modes
The test specimens failed suddenly due to rupture of the CFRP

wraps and this failure mode is consistent with observations arising
from previous studies on FRP-confined square columns [25]. On

the whole, the specimen size appeared to have no obvious influ-
ence on the failure mode. Generally, the CFRP rupture originated
near the corner regions within the mid-height of the test columns
as shown in Fig. 3. The treatments applied to the column ends were
successful in ensuring failure in the mid-height region of the col-
umns. Following removal of the CFRP wraps post-test, it was evi-
dent that the columns experienced diagonal failure surfaces with
severe concrete crushing. In addition, for the columns reinforced
with internal steel, the internal hoop reinforcement bent outward
and the longitudinal bars buckled as also shown in Fig. 3.

3.2. Axial stress-strain responses

Previous studies have verified a notable size effect on the nom-
inal strength of plain concrete [29-33] and a widely recognized
model is BaZant’s size-effect law [29]. Considering the energy bal-
ance at crack propagation in concrete, the model was derived from
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x| |
CFRP rupture

Longitudinal bar buckling

Fig. 3. Typical failure mode.

a dimensional analysis for geometrically similar concrete mem-
bers. The model is given as follows:

GNZEZLt (3)
1+-4

7o

where gy = nominal stress; P = maximum load; b = thickness (mm);
d = characteristic dimension (mm); f; = direct tensile strength of
concrete; d, = maximum aggregate size, and B and /, are empirical
constants. Consequently, the compressive strength of unconfined
concrete columns with different size should be different due to
the size effect. For the uniaxial compression strength, substituting
fi for the standard cylinder compression strength f., BaZant [30],
Kim et al. [32], and Zhou [33] proposed the modified size effect
model for the compressive strength of concrete. The compressive
cylinder strengths (foo) corresponding to specimens tested herein
with different cross-sectional diameters were calculated using the
existing modified models. The standard cylinder compression
strength (i.e. 25.4 MPa) was used to verify the prediction accuracy
of these models. It was found that the modified model proposed
by Zhou predicted the most accurate results. Consequently, the
Zhou’s model was finally adopted to calculate compressive cylinder
strengths corresponding to each specimen, as shown in Table 2. The
empirical constants of B and /d, in the final adopted model were
equal to 1.207 and 364.1, respectively. To eliminate size effect on
the compressive strength of unconfined columns, the experimental
axial stress of each specimen was normalized by dividing by the
corresponding value of f.o. The normalized results in each group
were then compared to verify whether column size influenced the
effective lateral confinement of FRP in addition to the stress-strain
behavior of FRP-confined columns.

The normalized experimental axial stress-strain curves of each
group are presented in Fig. 4 and a summary of key test results
of all specimens is provided in Table 2. In Fig. 4 and Table 2, the
axial stress and strain are defined as positive and the lateral strain
as negative. Axial stress was obtained from dividing the axial load
by the entire cross-sectional area of concrete, while the contribu-
tion of longitudinal steel reinforcement was deducted considering
the axial stress-strain relationship of steel bars for the RC columns.
The axial strain was derived from the average of the four LVDTs,
mounted onto each test specimen, divided by their gauge length.
In this table, the ultimate axial stress f., and the corresponding
strain &, are equal to the stress and strain at failure, respectively.
For hoop strain, the average lateral rupture strain of all the
mounted strain gauges on the CFRP wraps is &nryp, While &e and
&m,rup refer to the average lateral rupture strain of the strain gauges
mounted at the corner regions and middle regions of each side,
respectively. It can be noted that specimens R350L4, R400L2, and
R400L4 were not tested to failure as the load bearing capacity of
these columns exceeded the load capacity of the test machine.
These three columns were finally loaded to approximately
4850 kN. Therefore, the stress and strain of these 3 columns shown

in Table 2 are based on the maximum applied load, and not the
load at failure. These results are enclosed in brackets in this table.

It can be seen from Table 2 and Fig. 4 that no obvious differ-
ences in the stress-strain responses can be observed in each group
for cross-sectional sizes equal to and less than 300 mm in width.
However, the normalized stress-strain curves of large-sized speci-
mens (cross-section larger than 300 mm) exhibit significant differ-
ences compared with the smaller columns under the same
theoretical lateral FRP confining pressure. This is especially the
case for stress capacity. For example, the normalized ultimate
stresses of P100L1, P200L2 and P300L3 in group GA1l are all
approximately equal to 1.55. This value reduces to 1.27 as the
specimen size increases to 400 mm (P400L4) while the ultimate
strain capacity also slightly decreases. In group GA2, the entire nor-
malized stress-strain curves of P150L1 and P300L2 are approxi-
mately the same. Similar results are also observed in FRP-
confined RC columns (i.e. GB1). Moreover, the trend of the stress-
strain curves varies if the number of layers of wrap is insufficient
(i.e. in GA5 the stress-strain curve of P200L1 exhibits a monotonic
ascending branch, while for specimen P400L2 the stress-strain
curve exhibits a final descending response). In addition, the differ-
ences of stress-strain behavior between large and small columns
are more obvious in FRP-confined RC columns. For example, the
normalized ultimate stress of P175L1 and P350L2 (GA3) is 1.39
and 1.22, respectively. The reduction in stress capacity with an
increase of column size is approximately 12% for these FRP-
confined unreinforced columns. However, for FRP-confined RC col-
umns with the same size and lateral confinement (i.e. GB3) the
normalized ultimate stress is decreased from 1.53 (R175L1) to
1.19 (R350L2) and the second portion of stress-strain curve is also
changed from the ascending branch to approximately a horizontal
line. The reduction is up to about 22% with the existence of internal
steel reinforcement.

Fig. 5 presents a comparison of the normalized ultimate stress
of FRP-confined unreinforced concrete and RC columns. The results
have been grouped according to uniform cross section size and
number of layers of CFRP wrap. It can be observed that the ultimate
stresses of the RC columns are usually larger than those of the
unreinforced concrete columns. As the volumetric ratios of the
hoop reinforcement for all the RC columns is only 0.4%, the lateral
confinement pressure arising is small. Consequently, the enhance-
ment in peak stress of the concrete resulting from hoop steel con-
finement is very limited. The increment is only about 6% based on
the stress-strain model of reinforced concrete as proposed by Scott
et al. [34]. In this case, the normalized ultimate stress of confined
RC columns minus the contribution of hoop reinforcement is still
larger than that of the unreinforced columns. For example, the nor-
malized ultimate stress of R200L2 and R300L3 after subtraction of
the contribution of hoop steel is still no less than 1.65. The values
for P200L2 and P300L3 are about 1.55. However, the presence of
internal steel bars also may result in premature failure of the con-
fined columns followed by a reduction of stress capacity of the col-
umns. This is due to early buckling of the longitudinal bars and
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Fig. 5. Normalized ultimate stress of confined unreinforced and reinforced
columns.

outside bending of the hoop reinforcement in lightly-confined col-
umns that will result in premature rupture of the FRP. This will fur-
ther reduce the stress capacity of confined columns. For example,
the ultimate stress of R350L2 is less than that of P350L2. This
means that the measured FRP rupture strain of the former is less
than that of the latter, as shown in Table 2.

From the above discussion it can be concluded that approxi-
mately no size effect exists on the axial stress-strain curves of
FRP-confined small sized columns (i.e. cross-sectional size equal
to and less than 300 mm) after considering the column size on
the axial strength of unconfined concrete. The axial stress-strain
response exhibits obvious difference with the increase of specimen
size, especially for FRP-confined large-size columns (i.e. cross-
sectional size larger than 350 mm). The difference of axial com-
pressive behavior between FRP-confined small and large-sized col-
umns is caused mainly by the decrease of lateral confinement of
CFRP (more detailed discussions are provided in the next section).
This means that the actual confinement provided by CFRP wraps is
not the same in each group. The existing stress-strain models that
have been based on the test results of smaller columns are there-
fore not suitable for larger sized columns.

3.3. Hoop strain of CFRP wraps

For FRP-confined columns, the lateral confinement by the FRP
wraps is classed as a passive-confinement as the lateral confining
pressure increases only upon dilation of the concrete core. Due to
the radial displacement compatibility between the concrete and
the FRP wrap, the hoop strain of these two parts is considered to
be equivalent. As a result, the hoop strain of CFRP wraps can be dis-
cussed in greater detail to understand the variation of lateral con-
finement around the perimeter of the cross-section, as well as the
axial stress-strain behavior for FRP-confined columns.

Fig. 6 shows the relationships between axial strain and hoop
strain for all strain gauges for four specimens selected from two
groups (i.e. P175L2 and P350L4 in GA4, and R150L1 and R300L2
in GB2). The four specimens are selected for several reasons,
namely, (1) most of the strain gauges on each specimen remained
intact on each specimen for the entire test duration, (2) inclusion of
both FRP-confined plain concrete columns (i.e. GA4) and confined
RC columns (i.e. GB2), (3) the theoretical lateral confining pressure
of CFRP wrap is different between the two groups. It can be seen
from Fig. 6 that the increase of CFRP hoop strain at the middle
regions are larger than that at the corner regions. In addition, the
hoop strains are also larger in the middle regions compared to

the corner regions at failure. On account of the differences in hoop
strains, the strains at ultimate vary; however, all strains are less
than the ultimate tensile strain of flat coupons which is approxi-
mately equal to 1.8%. For example for specimen P175L2, the mea-
sured rupture strains of all the strain gauges mounted at the corner
regions vary from about —0.4% to —0.8% while the values at the
middle of the sides vary from —0.8% to —1.6%. Similar results are
observed for the tested FRP-confined RC columns (i.e. R300L2).

Table 2 and Fig. 6 show similar results. Here, the ratio of the
measured average rupture strain at the corner regions to the ulti-
mate tensile strain of CFRP is smaller than that at middle regions.
The ratios are all less than 1.0. For example, the average values of
the measured rupture strain of (i) all the mounted strain gauges
(&nrup), (ii) strain gauges at corner regions (&g), and (iii) strain
gauges at the middle of the sides (&€myp), to the ultimate tensile
strain of CFRP from flat coupon test (&) were 0.346, 0.282, and
0.410, respectively, for specimen P400L4. The results provided in
Table 2 also indicate that the average value of rupture strain both
at the corner and middle regions were all decreased with an
increase of cross-sectional size. For example, the ratio of the aver-
age measured rupture strain of the strain gauges mounted at the
corner regions to the ultimate tensile capacity of CFRP were
0.609, 0.477, 0.410, and 0.282, for specimens P100L1, P200L2,
P300L3 and P400L4 in group GA1, respectively.

To better illustrate the distribution of CFRP hoop strain around
the entire perimeter of confined columns, Fig. 7 shows the hoop
strain at different positions. In this figure the vertical axis repre-
sents lateral strain while the horizontal axis represents the posi-
tion of the strain gauges around the perimeter of the section. It
can be observed that the distribution of hoop strain was relatively
uniform at low load levels, but there were small variations at dif-
ferent locations. With the axial stress increasing approximately
equal to or larger than the peak strength of unconfined concrete
(i.e. compressive cylinder strength of 25.4 MPa), quite large varia-
tion in CFRP hoop strain at different locations is exhibited and
some points are missing due to failure of the strain gauges or rup-
ture of the CFRP wrap. Fig. 6 also reveals that the hoop strains at
the corner regions are all smaller than those at the middle regions
of cross-sectional side, although the first rupture of CFRP usually
appeared at the corner regions. This means that the dilation of con-
crete at each middle side region was much larger than at the corner
regions. The CFRP wrap was unable to effectively confine the con-
crete dilation at the middle of each side. Consequently, the effec-
tive hoop strain (&g ) at failure should be obtained from averaging
the hoop strain gauges located at the corners. The mean measured
rupture strain of all the strain gauges around the entire perimeter
of confined section overestimates the effective rupture strain of
FRP. For FRP-confined RC columns (i.e. R150L1 and R300L2), sev-
eral strain gauges (i.e. #1 and #2) mounted at the corner regions
measured larger values than other corner strain gauges. The reason
for such peculiar behavior may be due to the longitudinal reinforc-
ing bars buckling which will increase the hoop strain of the CFRP. It
can also be observed that the FRP rupture strain of small columns
confined with FRP is generally larger than that in larger FRP-
confined columns. Similar results have also been obtained in a pre-
vious study by Wang et al. [25].

In conclusion, the distribution of FRP hoop strain is not uniform
around the perimeter of confined square columns. The hoop strain
at the corner regions is smaller than the middle region of each side.
The rupture strain at the corner regions should be the effective
rupture strain of FRP. This is because the corner regions contain
the effectively confined areas while the middle region of each side
is unable to effectively provide confinement. In addition, the effec-
tive rupture strain of FRP generally decreases with an increase of
column cross-sectional size.
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Fig. 6. Hoop strain versus axial stress for selected specimens.

3.4. Effective confinement provided by CFRP wrap

As discussed above, the rupture strain at the corner regions
should be defined as the effective lateral rupture strain of FRP.
Based on Eq. (1), the lateral confinement of FRP is influenced by
the effective lateral rupture strain of FRP. Therefore, the reduction
of effective rupture strain of FRP with an increase of column size
will result in a decrease of effective lateral confinement. This is
the reason that the larger specimens exhibited different axial
stress-strain responses compared with small columns with the
same theoretical lateral confinement in each group. The effective
hoop rupture strain of FRP wrap can be calculated using an equa-
tion developed by Pessiki et al. [21] and later adopted by Lam
and Teng [6] and ACI 440.2R-08 [14]. The equation is given
herein:

Efe = Ke&fy

(4)

where & = effective lateral rupture strain of FRP, k, = efficiency fac-
tor, and [eg, = ultimate tensile strain of FRP derived from flat coupon
tests.The efficiency factor is usually constant in existing theoretical
lateral FRP confining pressure models and the size effect on the rup-
ture strain of FRP is not considered. Based on the test results pro-
vided in Table 1, Fig. 8 shows a strong correlation between the
ratio of &e/éq (i.e. Effective strain factor, ¢y and the normalized
cross-sectional size (b/100). By utilizing the test results of this paper
and Wang et al.’s [25] study in a regression analysis, the modified
effective strain factor of FRP is proposed by the following equation.
The correlation coefficient (R?) is 0.95:

& b 0.41
=2 -1-038(-== <b <

Ke o 1 038(100> 100 < b < 400 (5)
The model is applicable over the ranges of cross-sectional

widths 100 mm to 400 mm. For specimens with cross-sectional
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sizes larger than 400 mm, the factor is suggested equal to that of
400 mm width specimens which is approximately equal to 0.33.
However, for columns with widths larger than 400 mm, future
experimental investigations are required. It should also be noted
that the model was proposed based on the recommended corner
radius of 0.15b. Further studies need to be conducted to relate
the effective lateral rupture strain of FRP to corner radius. On the
basis of the proposed efficiency factor model, the effective lateral
confining pressure of FRP wrap considering size effect can then
be calculated by incorporating the modified effective strain factor
of Eq. (5) into Eq. (1).

3.5. Application of effective strain factor on ultimate stress model
proposed by ACI

The test results and discussion in the preceding part of the
paper have revealed that the effective confinement of FRP
decreases with an increase of cross-sectional size. This results in
an ultimate compressive strength decrease with an increase of
cross-sectional size for FRP-confined square concrete columns with
the same theoretical confinement. To better understand and illus-
trate the influence of cross-sectional size on the ultimate strength

capacity of FRP-confined columns, the proposed effective strain
factor is incorporated into the ultimate compressive stress model
adopted by ACI 440.2R-08 [14]. The ultimate compressive stress
f-c is therefore calculated as follows

fcc :f/c+¢f3~3K0fl (6)

where f. =unconfined cylinder compressive strength of concrete,
¢ = additional reduction factor (=0.95), and f; = effective confine-
ment pressure of FRP calculated from Eq. (1) and with the effective
hoop strain of FRP at failure using the model proposed in Eq. (5).
The efficiency factor accounting for the geometry of the section,
Kq IS calculated as follows
2

ko= [1- 205 - py 11 - 0 )
where b = width of the cross section, r. = corner radius, Ag = gross
cross-sectional area, and p, =ratio of longitudinal steel to gross
cross-sectional area.

The comparison between test results and predictions of the ulti-
mate compressive stress model before and after size effect modifi-
cation to the calculation of FRP confining pressure is given in
Table 3 and Fig. 9. The strength model proposed in ACI 440.2R-
08 [14] is for FRP-confined concrete columns with bilinear ascend-
ing stress-strain curves. The size effect on effective lateral confine-
ment is pronounced in FRP-confined larger-sized square columns.
Specimens of FRP-confined concrete columns with cross-sectional
size larger than 200 mm in this study and in Wang et al.’s [25]
study were selected to verify the stress model.

It can be observed from Table 3 and Fig. 9 that the original stress
model generally overestimates the axial stress capacity for FRP-
confined larger-sized columns. After size-effect modification
though, the predictions of ultimate stresses correlate better with
the test results. It can be concluded from the application of the
modified effective strain factor that the influence of cross-
sectional size should be considered when designing FRP retrofit-
ting for larger-sized square columns. In addition, stress-strain
models based on the test results of smaller square columns may
not be suitable for larger-sized square columns. Furthermore, the
size effect on the strength of unconfined concrete also suggested
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Table 3
Comparison of test results and predictions of stress models before and after
modification.

Specimen B Layers Ultimate stress f.. (MPa)
(mm) () Test Original Modified
This study P200L1 200 1 275 31.7 30.7
P200L2 200 2 37.6 38.0 36.0
P300L3 300 3 352 38.0 341
P400L4 400 4 269 38.0 325
P250L2 250 2 334 354 33.1
P300L2 300 2 313 338 31.2
P350L2 350 2 26.7 326 29.9
P350L4 350 4 329 398 343
Wang et al. STH1L2M 305 2 30.7 325 30.2
(2012) S1H1L2C 305 2 279 325 30.2
S1H2L2M 305 2 309 325 30.2
S1H1L2D1 305 2 30.1 325 30.2
S1H1L2D2 305 2 303 325 30.2
STH1L3M 305 3 333 359 32.6
S1H1L3C 305 3 339 359 32.6
S1H2L3M 305 3 358 359 32.6
S1H1L3D1 305 3 328 359 32.6
S1H1L3D2 305 3 339 359 32.6
S2HOL2M 204 2 314 36.0 343
S2HOL2P 204 2 279 36.0 343
S2HOL2C 204 2 32.1 36.0 343
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Fig. 9. Comparison between test and predicted ultimate stress.

to be considered by multiply an additional safety reduction factor
in the calculated ultimate strength of confined columns.

4. Conclusions

In this paper, 23 CFRP-confined square concrete columns sub-
jected to monotonic axial compressive loading were tested. The
purpose of this study was to investigate size effect on the axial
stress-strain response of FRP-confined square columns. The follow-
ing conclusions are able to be drawn from this work:

1. After considering size effect on the unconfined cylinder com-
pressive strength of concrete, specimen size had no obvious
effect on the axial stress-strain behaviors of FRP-confined col-
umns with cross-sectional size equal to and less than
300 mm. However, the axial stress-strain response exhibited
significant difference with an increase of specimen size, espe-
cially for large-scale columns (i.e. cross-section sizes equal to
and larger than 350 mm). The actual confinement of FRP was
not the same for the larger and small specimens with the same
theoretical lateral FRP confinement pressure.

2. The lateral strain at corner regions is smaller than that at the
middle region of each side. In addition, the corner strains were
observed to decrease with an increase of specimen size. The
rupture strain at the corner regions is therefore recommended
to be defined as the effective lateral rupture strain of FRP. As
a result, the confinement of CFRP decreases with an increase
in specimen sizes. Based on the test results, a modified effective
strain factor model considering size effect has been proposed
for CFRP-confined square columns.

3. The influence of cross-sectional size on the effective rupture
strain of FRP should be considered when designing FRP confine-
ment for larger-sized square columns. The stress-strain models
proposed based on the test results of smaller square columns
currently may overestimate the stress capacity of larger-sized
square columns.

4. The conclusions presented in this paper are based on limited
experimental data. Additional experimental investigations on
the size effect of FRP-confined square and rectangular columns
are required in order to better understand the influence of a
wide range of geometric and material properties. In addition,
research on the influence of corner radius to cross-sectional
width ratio on the size effect of confinement provided by FRP
is also required.
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