
Construction and Building Materials 102 (2016) 541–551
Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat
Effect of confining pressure distribution on the dilation behavior
in FRP-confined plain concrete columns using stone, brick and
recycled aggregates
http://dx.doi.org/10.1016/j.conbuildmat.2015.11.003
0950-0618/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: sichow00@gmail.com (M.S.I. Choudhury), samin@ce.buet.ac.

bd (A.F.M.S. Amin), mashfiq7777@gmail.com (M.M. Islam), arifulhasnat@gmail.com
(A. Hasnat).
M.S.I. Choudhury, A.F.M.S. Amin ⇑, M.M. Islam, A. Hasnat
Department of Civil Engineering, Bangladesh University of Engineering and Technology, Dhaka 1000, Bangladesh

h i g h l i g h t s

� Confined column having either large dilation or large confining pressure fails rapidly.
� Stress–strain responses are compared for confined circular and square columns.
� Significant dilation activates confinement at low stress yielding higher stiffness.
� Consequential drop in final stiffness is remarkably observed in such columns.
� Uniformity in the confining pressure distribution restrains such a phenomenon.
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In a confined column, the dilation phenomenon and the geometry of the column cross-section govern the
magnitude of the confining pressure and confining pressure distribution, respectively. High-definition
video shows rapid post-peak failure events to occur in columns experiencing either large dilation or large
confining pressure displaying a characteristically different composite action in such concretes under con-
finement. To investigate the origin of such a behavior, transformations in the intrinsic stiffness parame-
ters of the fundamental stress–strain responses are critically compared between concretes having
significant and insignificant dilation properties. A test database with 40 circular columns confined with
fiber-reinforced polymer (FRP) subjected to uniform confining pressure distributions along with 20
unconfined (control) specimens was objectively compared with an existing symmetric test database of
square columns subjected to nonuniform confining pressure distributions. Stress–strain responses of
confined concrete columns with larger dilation properties revealed a significantly increased initial stiff-
ness and markedly decreased final stiffness due to early mobilization in the FRP confinement compared
to columns of stone aggregate concrete with insignificant dilation properties. The uniformity of the con-
fining pressure distribution of circular columns has been credited with more effectively restraining the
dilation-induced phenomena compared to square confined columns.

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

The introduction of an effective confinement enhances the com-
pression capacity of a concrete member. In practice, such confine-
ment in a passive form is realized by installing fiber-reinforced
polymer (FRP) wraps having a designed stiffness to provide the
desired composite action [1–8]. An FRP wrap installed in this
manner passively restricts the volumetric dilation of concrete
under compression by offering a confining pressure around the
perimeter of the concrete section (Fig. 1). Nevertheless, the
effectiveness of the confining pressure in achieving an enhanced
sectional capacity primarily depends on two factors: (i) the funda-
mental dilation property of the parent concrete, which determines
the magnitude of the confining pressure [9,10], (ii) and the geom-
etry of the cross section, which defines the distribution of the con-
fining pressure (Fig. 1b and c). In this context, the primary
phenomena occurring in brick and recycled aggregate concrete
columns characterized by larger dilation properties in comparison
to well-studied stone aggregate concrete columns necessitates a
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Fig. 1. Schematic representation of the dilation effect in FRP-confined circular and square columns. (a) Lateral strain caused by dilation when subjected to axial compression.
Lateral strain, elD ð¼ Dv=vÞ , is a measure of the dilation effect, where v is the initial width of the specimen and Dv is the increase in width due to dilation. (b) Confining
pressure distribution in a square column. (c) Confining pressure distribution in a circular column. (d) Axial stress vs. axial strain and axial stress vs. lateral strain relationships
for typical unconfined and FRP-confined square and circular columns.
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thorough investigation utilizing explicit experimental observations
in terms of stress–strain behavior (Fig. 1d) and the fracture
process.

The Poisson effect generating the volumetric dilation phe-
nomenon in plain concrete originates from the progressive forma-
tion of micro-cracks under monotonically increasing axial stresses
[11]. In plain unconfined stone aggregate concrete columns, pro-
gressive failure is characterized by three general stages [12,13].
The initiation stage is devoid of any significant cracks in the sub-
microstructure and offers a linear stress–strain response, whereas
the transition between the intermediate stage and the final stage is
indicated by a ‘critical stress level’ that initiates a rapid increase in
crack density [14]. However, concrete produced from brick and
recycled aggregates are lighter in unit weights than that from stone
aggregate (normal weight concrete) due to the existence of larger
amount of initial micro-defects and porosities [9,10]. Thus, con-
cretes made from brick and recycled aggregates should produce
not only larger numbers of fracture planes at failure [15–17] but
also larger axial strains [[18], Fig. 6 for active confinement] com-
pared to stone aggregate concrete above their respective critical
stress levels. For additional information, the recent works of
González-Fonteboa et al. [19] can be referred to, where the critical
stress level is found to decrease proportionately with the gradual
replacement of regular stone aggregate concrete with recycled
stone aggregate of the same size. Larger porosities and micro-
defects producing different surface properties in the latter can
explain such an observation. Although concretes composed of brick
aggregate [20] and recycled brick aggregate [21] are also reported
to possess larger porosities, studies that describe their fundamen-
tal fracture processes are not yet available. Recently, Amin et al.
[22] discussed the roles of the characteristic surface features of
recycled stone and recycled brick aggregates in providing
differences in strength gain properties. However, studies that com-
pare the intrinsic parameters, e.g., Ec1ðconfinedÞ , Ec1ðunconfinedÞ and
Ec2ðconfinedÞ, of the stress–strain response of a well-studied FRP-
confined stone aggregate concrete column with those of signifi-
cantly dilatable brick and recycled aggregate concretes have yet
to be conducted. Such a comparison can be cardinal in characteriz-
ing the composite behavior of FRP-confined concrete originating
from concrete matrices with different aggregates by well
supplementing the large established test databases for stone
aggregate concrete columns with the objective of rationalizing
existing confined concrete models [[18,23–27] and references cites
therein] from a more general perspective.

Furthermore, any significant variation in the fracture behavior
in terms of the number of fracture planes and the size of fractured
particles of concretes originating from within the concrete matri-
ces should incorporate differences in the nonuniformity of the con-
fining pressure due to the developed heterogeneity and dispersion
of fractured particles. These are known to be potential factors in
generating stress concentrations that are much higher than the
average confinement pressure by pricking the FRP wrap, leading
to a very rapid explosive failure process [4,6,28]. The failure sce-
narios between circular and noncircular FRP-confined columns
having uniform (Fig. 1c) and non-uniform (Fig. 1b) confining pres-
sure distributions will be different because the latter allows for lar-
ger dilation in segments of the perimeter where the confining
pressure is low. However, in contrast to experiments with uncon-
fined concrete, the progressive development of cracking phenom-
ena is hardly visible in FRP confined concrete before a rupture
occurs in the wrap. The unavailability of such a vital experimental
observation requires designers to adopt a very strict so-called con-
servative approach in assigning strength enhancement limits (Sec-
tion 1.3.1 and Section 9.2 of ACI 440.2R [8]) based on the minimal
experimental information available for such a fracture process.

With these backgrounds, the current study attempted to gather
fundamental experimental information on the progressive mobi-
lization of confinement due to the dilation phenomenon and to
study its effect on post-peak failure events. The axial stress, axial
strain and dilation histories of the test pieces at the exact failure
location due to the axial load were measured using the digital
image correlation technique (DICT). To passively identify the
effects of intrinsic fracture processes occurring in concretes having
larger dilation properties in generating the composite action, the
stress–strain responses for FRP-confined circular and square col-
umns in terms of Ec1ðconfinedÞ and Ec2ðconfinedÞ (Fig. 1d) are compared
for concretes having insignificant (stone aggregate concrete) and
significant (brick and recycled aggregate concretes) dilation prop-
erties. The responses for unconfined specimens with correspond-
ing geometries are compared for circular and square cross
sections. The post-peak failure events are compared in terms of
the time required to reach complete failure after sustaining the
peak load. Finally, the confinement model coefficients estimated
for circular concrete columns composed of stone, brick and
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recycled aggregates are compared with those obtained for square
concrete columns composed of the same aggregates based on the
results published in a recent study [9].

2. Experiments

This study reports on an experimental investigation in which the stress–strain
and post-peak failure processes of a group of FRP-confined concrete columns were
thoroughly investigated and compared to unconfined columns with DICT measure-
ments at the failure location. The fundamental dilation property of the parent
Fig. 2. Types of coarse aggregatesused in the research. (a) Brick aggregate, (b) stone aggreg
12–19 mmin size. Partially reprinted fromM.M. Islam,M.S.I. Choudhury, A.F.M.S. Amin,Dil
coarse aggregates, J. Compos. Constr. ASCE (2015), http://dx.doi.org/10.1061/(ASC
A.F.M.S. Amin.

Table 1
Specimen description and sample ID.
Partially reprinted from M.M. Islam, M.S.I. Choudhury, A.F.M.S. Amin, Dilation effects in FRP
J. Compos. Constr. ASCE (2015), http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000574. 0

Shape Aggregate type Speci

Circular columns Brick (B) BCCO
BCCF
BCGF

Stone (S) SCCO
SCCF
SCGF

Recycled brick (RB) RBCC
RBCC
RBCG

Recycled stone (RS) RSCC
RSCC
RSCG

Square columns
after Islam et al. [9]

Brick (B) BSCO
BSCF
BSGF

Stone (S) SSCO
SSCF
SSGF

Recycled brick (RB) RBSC
RBSC
RBSG

Recycled stone (RS) RSSC
RSSC
RSSG

Notes: For the five specimens mentioned for each confinement type, the specimen sizes
height; Size 2 (2 Nos.): 150 mm in diameter, 300 mm in height, Size 3 (1 No.): 200 mm in
Size 5 (2 Nos.): 150 � 150 � 300 mm; Size 6 (1 No.): 200 � 200 � 400 mm.
concrete and the confining pressure distribution were used as experimental vari-
ables to investigate the confinement mechanism in concretes having significant
dilation properties up to and beyond the ultimate load. Carbon-FRP (CFRP) and
glass-FRP (GFRP) were used to confine the columns at different magnitudes. The
source of the coarse aggregates, specimen preparation procedures, properties of
the FRP wraps, FRP application procedures, testing and data acquisition procedures
were consistent for each tested specimen.

Fig. 2 shows close-up photographs of the coarse aggregates from crushed burnt
clay bricks, crushed stones and aggregates recycled from crushed old brick and stone
aggregate concretes. Table 1 provides specimen descriptions and the sample nomen-
clature used throughout this paper. Detailed descriptions of the material properties,
ate, (c) recycledbrick aggregate, and (d) recycled stone aggregate. The aggregateswere
ation effects in FRP-confined square concrete columnsusing stone, brick, and recycled
E)CC.1943-5614.0000574. 04015017, with permission from ASCE. Images by

-confined square concrete columns using stone, brick, and recycled coarse aggregates,
4015017, with permission from ASCE.

men ID Confinement type No. of specimens

N Unconfined 5
RP CFRP wrap 5
RP GFRP wrap 5
N Unconfined 5
RP CFRP wrap 5
RP GFRP wrap 5
ON Unconfined 5
FRP CFRP wrap 5
FRP GFRP wrap 5
ON Unconfined 5
FRP CFRP wrap 5
FRP GFRP wrap 5

N Unconfined 5
RP CFRP wrap 5
RP GFRP wrap 5
N Unconfined 5
RP CFRP wrap 5
RP GFRP wrap 5
ON Unconfined 5
FRP CFRP wrap 5
FRP GFRP wrap 5
ON Unconfined 5
FRP CFRP wrap 5
FRP GFRP wrap 5

are as follows. Circular columns: Size 1 (2 Nos.): 100 mm in diameter, 200 mm in
diameter, 400 mm in height. Square columns – Size 4 (2 Nos.): 100 � 100 � 200 mm;

http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000574
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000574


Table 2
Experimental results of circular column specimens.

CA type Specimen
ID

Size eco ecu elD f 0co
(MPa)

f 0cc
(MPa)

Brick BCCON 1 0.0014 – 0.0047 29.75 –
1 0.0013 – 0.0047 29.90 –
2 0.0008 – 0.0027 23.47 –
2 0.0008 – 0.0107 25.62 –
3 0.0006 – 0.0076 23.93 –

BCCFRP 1 – 0.0021 0.0090 – 39.81
1 – 0.0023 0.0182 – 46.77
2 – 0.0020 0.0080 – 38.90
2 – 0.0019 0.0080 – 37.73
3 – 0.0009 0.0073 – 33.03

BCGFRP 1 – 0.0031 0.0213 – 54.21
1 – 0.0039 0.0180 – 47.80
2 – 0.0029 0.0103 – 44.70
2 – 0.0025 0.0159 – 42.23
3 – 0.0019 0.0098 – 37.80

Stone SCCON 1 0.0011 – 0.0025 29.16 –
1 0.0013 – 0.0053 28.86 –
2 0.0007 – 0.0013 29.39 –
2 0.0007 – 0.0108 35.21 –
3 0.0006 – 0.0050 32.59 –

SCCFRP 1 – 0.0025 0.0077 – 55.94
1 – 0.0025 0.0135 – 55.05
2 – 0.0017 0.0050 – 43.87
2 – 0.0018 0.0080 – 47.33
3 – 0.0013 0.0100 – 38.98

SCGFRP 1 – 0.0035 0.0093 – 67.37
1 – 0.0022 0.0179 – 54.21
2 – 0.0022 0.0077 – 56.32
2 – 0.0020 0.0077 – 56.28
3 – 0.0016 0.0099 – 47.89

Recycled
brick

RBCCON 1 0.0013 – 0.0116 24.31 –
1 0.0016 – 0.0110 26.84 –
2 0.0009 – 0.0023 32.58 –
2 0.0009 – 0.0046 29.88 –
3 0.0008 – 0.0055 28.16 –

RBCCFRP 1 – 0.0031 0.0153 – 49.08
1 – 0.0027 0.0153 – 49.43
2 – 0.0020 0.0190 – 43.22
2 – 0.0025 0.0090 – 42.56
3 – 0.0013 0.0023 – 33.89

RBCGFRP 1 – 0.0045 0.0150 – 53.23
1 – 0.0046 0.0110 – 53.31
2 – 0.0025 0.0113 – 47.60
2 – 0.0029 0.0138 – 47.99
3 – 0.0012 0.0099 – 34.88

Recycled
stone

RSCCON 1 0.0013 – 0.0076 22.88 –
1 0.0013 – 0.0078 27.63 –
2 0.0009 – 0.0027 22.44 –
2 0.0011 – 0.0025 20.18 –
3 0.0006 – 0.0050 26.10 –

RSCCFRP 1 – 0.0030 0.0153 – 51.36
1 – 0.0026 0.0153 – 50.68
2 – 0.0020 0.0080 – 39.65
2 – 0.0019 0.0134 – 45.08
3 – 0.0013 0.0123 – 38.33

RSCGFRP 1 – 0.0033 0.0113 – 61.18
1 – 0.0044 0.0188 – 60.13
2 – 0.0028 0.0353 – 48.55
2 – 0.0026 0.0353 – 47.00
3 – 0.0015 0.0123 – 37.19

Notes: Circular columns: Size 1 (2 nos): 100 mm in diameter, 200 mm in height;
Size 2 (2 nos): 150 mm in diameter, 300 mm in height, Size 3 (1 No.): 200 mm in
diameter, 400 mm in height.
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specimen preparation and testing procedures have already been reported elsewhere
[9,29,30] and are omitted here for the sake of brevity. Table 2 provides themeasured
eco , ecu , elD , f

0
co and f 0cc values of the circular specimens. The unconfined compressive

strengths of the concrete specimens ranged between 20 and 35 MPa, with an average
strength of 27 MPa. Of the experimental data set findings, only typical test results are
used in the following discussion and conclusions.

Fig. 3 illustrates two groups of unconfined (Fig. 3a) and FRP-confined specimens
(Fig. 3b) of different sizes. Customized molds were used to ensure uniformity in size
and shape, as per Table 1. The corners of all square columns were uniformly
rounded to a radius of 25 mm using customized molds to reduce stress concentra-
tion. All specimens were tested under uniaxial compression at a constant stress rate
of 0.21 MPa/s up to the ultimate (peak) load. High-definition video for each of the
tests was recorded until the completion of the failure process. Axial stress (rc), axial
strain (ec) and lateral strain (elD) data were recovered from load cell data and were
well correlated with the corresponding video footage for the plotting of the results.
3. Results and discussion

3.1. Fracture process of confined specimens

At the ultimate state, failure of the confined column is signified
by the loss of confining pressure due to failure of the FRP wrap
[4,28]. The number of failure planes generated up to the peak load
determines the rupture process of the FRP wrap that was providing
the confinement [14–19]. The rupture of FRP confinement in the
final moments after experiencing the peak load should ideally be
governed by not only the ultimate hoop strain but also the frag-
ments of concrete being confined by the FRP wrap, as postulated
by Abdelrahman and El-Hacha [31].

Fig. 4 shows the progressive failure of a circular stone aggregate
concrete column confined with CFRP. A typical failure of a brick
aggregate concrete column with the same geometry and confine-
ment is illustrated in Fig. 5. The attached video clip (Video Clip 1a)
shows the confined column during the last six seconds of the test.
The complete test is shown at a lower resolution in Video Clip 1b.
After experiencing the peak load, the failure process of the stone
aggregate concrete column was completed in 3.07 s, whereas the
failure process of the brick aggregate concrete column was com-
pleted in only 0.82 s. Furthermore, at the very beginning of the fail-
ure of the stone aggregate concrete column, no concrete spalling is
visible (Fig. 4b). In contrast, the failure process of the brick aggregate
concrete column (Fig. 5 and Video Clip 2) involved a complete disin-
tegration of concrete immediately upon the loss of confinement.

Furthermore, the comparison of the data for columns with
nonuniform pressure distributions shows that the post-peak fail-
ure process for the smallest square recycled stone aggregate con-
crete column (Fig. 6 and Video Clip 3) was completed in 1.93 s,
and the post-peak failure process of the largest square concrete
column (Fig. 7 and Video Clip 4) was completed in 2.23 s. The fail-
ure of a large specimen involves not only the loss of confinement
due to the failure of the corner zone but also events in the less con-
fined sides of the square column.

The plots presented in Fig. 8 comprehensively compare the fail-
ure times for different specimen sizes and confining pressure dis-
tributions. The post-peak failure process for square columns with
nonuniform confining pressure distributions was generally longer
than for the circular columns of the same aggregate type
(Fig. 8a–d). This pattern may be due to the redistribution of confin-
ing pressure after Stage I (Fig. 1b), therein producing larger dilation
in the less confined sides. This proposition will be further investi-
gated in Section 3.3 by scrutinizing the intrinsic parameters of the
stress–strain responses.

Nevertheless, the failure time of the stone aggregate concrete
columns was generally longer than that of the columns composed
of aggregates with significant dilation properties (Fig. 8a and b).
However, when comparing columns of different sizes, square col-
umns composed of stone aggregate concrete with longer sides
but the same corner radius were found to require more time to fail
after the peak load (Fig. 8b and d). The failure process of large col-
umns composed of brick and recycled aggregate concrete (with
greater dilation properties) required less time compared to the col-
umns composed of stone aggregate concrete. The images in Figs. 6
and 7 show the abrupt failures due to dilation (see also the related
video clips). Interestingly, the failure times of the smaller square
and circular columns (Fig. 8c and d) were similar for all aggregate



(a) (b)

Fig. 3. Columns with different geometries and coarse aggregate types prepared for testing. (a) Unconfined columns before FRP wrap installation. (b) Columns of four
aggregate types confined with CFRP wrap.

(a) (b) (c) (d)

Fig. 4. Progressive failure of a stone aggregate concrete CFRP column (150 mm in diameter, 300 mm in height) under axial compression captured using high-definition video.
Locations of the still image frames in the HD footage in the vicinity of Stage II: (a) 3:48 min: 52/60 frame, (b) 3:51 min: 35/60 frame, (c) 3:51 min: 39/60 frame, and (d)
3:51 min: 56/60 frame. This timeline corresponds to Video Clip 1b. Images by A.F.M.S. Amin.

(a) (b) (c) (d)

Fig. 5. Progressive failure of a brick aggregate concrete CFRP-confined column (150 mm in diameter, 300 mm in height) under axial compression captured using high-
definition video. Large dilation is visible in panel (b). Locations of the still image frames in the HD footage in the vicinity of Stage II: (a) 3:05 min: 11/60 frame, (b) 3:05 min:
42/60 frame, (c) 3:05 min: 46/60 frame, and (d) 3:06 min: 00/60 frame. This timeline corresponds to Video Clip 2b. Images by A.F.M.S. Amin.
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types. Taken together, the observations described here indicate the
necessity of considering more stringent safety factors for issuing
early warnings prior to a complete collapse, particularly in cases
where the concretes have a large dilation property and where
the confining pressures are either high or uniform. In Sections
3.2 and 3.3, the observations on post-peak fracture processes are
correlated with the dilation effect on the transformation of the
stress–strain responses.
3.2. Dilation effect in concretes from different aggregates

Fig. 9 presents a comparison of the data sets obtained via strain
measurements at the locations of failure due to axial compression
in circular and square concrete columns composed of significantly
dilatable (brick and recycled aggregate) and less dilatable (stone
aggregate) concrete. The unconfined columns reached Stage I
with an initial stiffness of Ec1ðunconfinedÞ between stress levels of



(a) (b) (c) (d)

Fig. 6. Progressive failure of a recycled stone aggregate concrete GFRP column (100 � 100 � 200 mm) under axial compression captured on high-definition video. Locations of
the still image frames in the HD footage in the vicinity of Stage II: (a) 2:41 min: 04/60 frame, (b) 2:42 min: 54/60 frame, (c) 2:43 min: 04/60 frame, and (d) 2:44 min: 00/60
frame. This timeline corresponds to Video Clip 3b. Images by A.F.M.S. Amin.

(a) (b) (c) (d)

Fig. 7. Progressive failure of a recycled stone aggregate concrete CFRP-confined column (200 � 200 � 400 mm) under axial compression captured on high-definition video.
Large dilation is visible in panel (b). Locations of the captured still image frames in the HD footage in the vicinity of Stage II: (a) 2:38 min: 09/60 frame, (b) 2:30 min: 05/60
frame, (c) 2:30 min: 08/60 frame, and (d) 2:30 min: 23/60 frame. This timeline corresponds to Video Clip 4b. Images by A.F.M.S. Amin.
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(b) Square column (Size 5)

0
0.5

1
1.5

2
2.5

3
3.5

4

B S RB RS

CFRP-confined
GFRP-confined

Ti
m

e 
(s

ec
)

CA identifier

(c) Circular column (Size 1)

0
0.5

1
1.5

2
2.5

3
3.5

4

B S RB RS

CFRP-confined
GFRP-confined

Ti
m

e 
(s

ec
)

CA identifier

(d) Square column (Size 4)

Fig. 8. Post-peak failure times recorded for different specimens using DICT. Initiation of the failure process was identified by localized visual movement of FRP confinement.
The time measurement starts when the failure process initiates and ends when the fracture process is complete.
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Fig. 9. Dilation effects in the circular and square columns. (a) Unconfined circular column (Size 2: 150 mm in diameter, 300 mm in height) results for stone (SCCON), brick
(BCCON), recycled stone (RSCCON) and recycled brick (RBCCON) aggregates. (b) Glass-FRP (GFRP)-confined circular column (Size 2: 150 mm in diameter, 300 mm in height)
results for stone (SCGFRP), brick (BCGFRP), recycled stone (RSCGFRP) and recycled brick (RBCGFRP) aggregates. (c) Unconfined square column (Size 5: 150 � 150 � 300 mm;
corner radius: 25 mm) results for stone (SSCON), brick (BSCON), recycled stone (RSSCON) and recycled brick (RBSCON) aggregates. (d) GFRP-confined square column (Size 5:
150 � 150 � 300 mm; corner radius: 25 mm) results for stone (SSGFRP), brick (BSGFRP), recycled stone (RSSGFRP) and recycled brick (RBSGFRP) aggregates (data from Islam
et al. [9] for Fig. 9(c) and 9(d)).
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20–35 MPa with an average stress of approximately 27 MPa. The
responses from all columns contain the Ec2 branch that was
observed in the confined columns. The ultimate strains ecu and
elD were also found to be distinctly smaller for the stone aggregate
concrete than for the brick or recycled aggregate concretes
(Table 2). In general, due to the effect of dilation, unconfined and
confined columns composed of stone aggregate concrete exhibited
distinctly stiffer behavior with respect to rc vs. ec and rc vs. elD
than did columns composed of brick and recycled aggregate
concretes. The observation of such a phenomenon necessitates a
careful examination of the stress–strain responses and post-peak
events through comparisons.

3.3. Effect of confining pressure distribution on stress–strain behavior

The axial stiffness of a column with FRP confinement, based on
the extensive test database of stone aggregate concrete, is assumed
to be ideally represented by the stiffness of the parent (unconfined)
concrete up to f 0co (Fig. 1, Stage 0–I, Shahawy et al. [4], Youssef et al.
[32], Teng et al. [33]), beyond which a decrease in stiffness occurs
due to the progressive failure of the core concrete (Stage I–II). The
sufficiency of the employed confinement governs the increasing
or decreasing stiffness of the second branch [6–8,27]; also Fig. 6 in
[25]. The observations of Sfer et al. 2002 [34] from tri-axial tests
on plain concrete under active confinement are analogous to this
concept.

In this context, the stress–strain behaviors of the circular and
square columns composed of the four aggregate types are further
compared in Fig. 10. The responses of corresponding unconfined
columns are also plotted for comparison. The stone aggregate con-
crete column experienced a higher ultimate load (Fig. 10b), a lower
axial strain (ecu) and a lower lateral strain than did the concrete
columns from brick and recycled aggregates (Fig. 10a, c and d). A
thorough comparison of the specimens vividly demonstrates
several characteristic differences between the square and circular
columns under both unconfined and confined states. These differ-
ences are clearly due to the intrinsic effects related to the unifor-
mity and nonuniformity of the stress distributions of the critical
cross section at the specimen height where the failure occurred.
Compared to the unconfined columns, the increase in the initial
stiffness, Ec1ðconfinedÞ, was smaller for the square columns than for
the circular columns. A comparison of the data for the different
aggregates shows that the stiffness increase appeared to be greater
for concrete columns using aggregates having significant dilation
properties. This is in conformity with the concept of the initiation
of the progressive development of microcracks in concretes from
brick and recycled aggregates at a lower critical stress level than
that for stone aggregate concrete [11–19].

Furthermore, the response producing the final stiffness,
Ec2ðconfinedÞ, of the square columns sustained for a smaller strain
between Stage I and Stage II than for the circular columns. This
difference was more pronounced in the circular columns composed
of concrete made from brick and recycled aggregates with larger
dilation properties. Additionally, the Ec2ðconfinedÞ values for the
square columns were markedly lower than those measured for
the circular columns.

A comparison of the Ec1ðconfinedÞ=Ec1ðunconfinedÞ and Ec2 ratios for the
different aggregates is presented in Tables 3 and 4. The
Ec1ðconfinedÞ=Ec1ðunconfinedÞ ratio was greater for brick and recycled aggre-
gates than for the stone aggregate, and the difference was particu-
larly pronounced for the square columns. The distinct increase in
stiffness as observed in specimens having significant dilation prop-
erties before reaching Stage-I exhibits a direct relation with the
fracture process narrated in Section 3.1, where the failure process
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Fig. 10. Axial and lateral stress–strain responses of concrete columns with different aggregates for Size 2 (150 mm in diameter, 300 mm in height) and Size 5
(150 � 150 � 300 mm) specimens. (a) Brick aggregate concrete, (b) stone aggregate concrete, (c) recycled brick aggregate concrete, and (d) recycled stone aggregate concrete
(data from Islam et al. [9] for the responses of square columns).

548 M.S.I. Choudhury et al. / Construction and Building Materials 102 (2016) 541–551
of the stone aggregate concrete column required more time than
did that of the concrete columnswith significant dilation properties
(3.07 s vs. 0.82 s for stone and brick aggregate concrete columns,
respectively; Section 3.1). Furthermore, a complete disintegration
of concrete was noted for the brick aggregate concrete column
(Fig. 5 and Video Clip 2). An early mobilization of FRP confinement
through the internal disintegration of concretes with large dilation
properties must be responsible for such a phenomenon.

In contrast, the Ec2 values for the brick and recycled aggregate
concretes were distinctly lower than the Ec2 values for the
corresponding stone aggregate concrete specimens. This decrease
was more prominent for the circular columns than for the square
columns. Nevertheless, these observations clearly indicate an early
confinement mobilization in concrete columns with significantly
dilatable aggregates, which activate the FRP confinement at a
lower axial strain, thereby increasing the initial stiffness values.
After Stage I, disintegration of the concrete matrix in brick and
recycled aggregate concrete columns was substantial compared
to the stone aggregate columns. This disintegration led to a signif-
icant reduction in the Ec2 values for the brick and recycled aggre-
gate concrete columns with respect to the values for the stone
aggregate concrete columns (Table 3). The larger decrease in
Ec2values as observed for the square columns than for the circular
columns with uniform confining pressure distributions (Fig. 1c)
exhibits a strong correlation with the fracture process observed
in Section 3.1 (Figs. 6–8).



Table 3
Ec1ðconfinedÞ=Ec1ðunconfinedÞ values for different specimens.

CA
type

Confinement
type

Ec1ðconfinedÞ=Ec1ðunconfinedÞ

Circular column Square column

Size
1

Size
2

Size
3

Size
4

Size
5

Size
6

B CFRP confined 1.21 1.00 1.00 1.77 1.08 1.26
GFRP confined 1.36 1.28 1.00 1.89 1.21 1.00

S CFRP confined 1.00 1.00 1.00 1.44 1.00 1.00
GFRP confined 1.65 1.17 1.21 1.66 1.00 0.97

RB CFRP confined 1.15 1.15 1.00 1.31 1.00 1.16
GFRP confined 1.04 1.16 0.99 1.55 1.16 1.16

RS CFRP confined 1.44 1.22 1.18 1.42 1.01 1.22
GFRP confined 1.72 1.57 1.18 1.43 1.10 1.00

Notes: Circular columns - Size 1: 100 mm in diameter, 200 mm in height; Size 2:
150 mm in diameter, 300 mm in height, Size 3: 200 mm in diameter, 400 mm in
height. Square columns – Size 4: 100 � 100 � 200 mm; Size 5:
150 � 150 � 300 mm; Size 6: 200 � 200 � 400 mm.

Table 4
Relative change inEc2 values for confined columns with B, RB and RS found by
normalizing the values in terms of S.

CA
type

Confinement
type

Ec2 (MPa), normalized w.r.t. respective
specimen of stone aggregate concrete, S

Circular column Square column

Size
1

Size
2

Size
3

Size
4

Size
5

Size
6

B CFRP confined 0.56 0.61 0.98 – 1.10 –
GFRP confined 0.77 0.73 0.87 0.79 0.95 1.05

S CFRP confined 1.00 1.00 1.00 1.00 1.00 1.00
GFRP confined 1.00 1.00 1.00 1.00 1.00 1.00

RB CFRP confined 0.60 0.70 0.86 1.23 0.98 0.51
GFRP confined 0.54 0.75 1.06 0.69 1.05 1.19

RS CFRP confined 0.74 0.68 0.68 1.43 0.67 0.82
GFRP confined 0.81 0.76 0.81 0.76 1.10 0.95
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The ultimate state, the basis for design guidance ACI 440.2R [8],
is compared by constructing parity plots for square and circular
specimens in Fig. 11. The plots generally show distinctly larger
f 0cc values for circular columns (Fig. 11a). Under a similar ultimate
axial strain, ecu (Fig. 11b), the square columns underwent greater
dilation, elD, than did the circular columns (Fig. 11c). Fig. 11a shows
that a smaller increase in axial capacity f 0cc was associated with the
change in confining pressure distribution (square to circular) for
the columns composed of concretes having significant dilation
properties. Fig. 11c further supports this observation: distinctly
larger dilation values were observed for square columns compared
to circular columns, particularly for the significantly dilatable con-
cretes. Furthermore, the f 0cc values for square columns fell within a
narrow range because the corner radius (the most important
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Fig. 11. Effects of specimen geometry/shape on a
governing parameter for such columns) was equal (25 mm) for
all the specimens. This constant value resulted in similar amounts
of confinement. However, the f 0cc values for the circular columns
fell in a wide range due to variations in diameter, which resulted
in a wide variety of confining pressure magnitudes (see also
Section 3.4).

3.4. Effect on confinement design

The confinement model coefficients, e.g., k1ks1 and k2ks2 in Eqs.
(1)–(3), which are derived to represent the ultimate condition
(Stage II, Fig. 1d), dictate the design of the FRP confinement [8]:

f 0cc
f 0co

¼ 1þ k1ks1
f lD
f 0co

ð1Þ

ecu
eco

¼ 1þ k2ks2
f lD
f 0co

ð2Þ

f lD ¼ 2EfrpelDtfrp
D

ð3Þ

where k1 is the confinement effectiveness coefficient; k2 is the strain
enhancement coefficient; ks1 and ks2 are factors governed by the
specimen’s shape and therefore determine the confining pressure
distribution that controls f 0cc; Efrp and tfrp are themodulus of elasticity
and the FRP wrap thickness, respectively; f lD is the confining pres-
sure due to the FRP wrap when the concrete fails by rupture due
to hoop tensile stresses; and D is the equivalent column diameter.
The design parameters, (k1ks1 and k2ks2, in Eqs. (1)–(3)) are derived
in Fig. 12 for circular columns. The relationships between the con-
finementmodels (Eqs. (1) and (2)) for the square columns [9] are also
plotted for comparison. The behaviors of circular and square col-
umns clearly differ. The determined k1ks1 parameter values were
very similar for circular columns composed of each of the four aggre-
gate types but were also very similar to the suggested values in ACI
440.2R [8]. For circular columns, no significant divergence between
the values for less dilatable (stone aggregate concrete) and largely
dilatable (brick and recycled aggregate) concretes was found. In con-
trast, square columns exhibited [9] considerably larger differences in
value between the aggregate types (1.42 for brick aggregate, 1.55 for
recycled brick aggregate, 0.89 for recycled stone aggregate concretes
and 2.35 for stone aggregate concrete).

In the case of the parameters k2ks2 , the divergence in values
between less dilatable and significantly dilatable concretes is
weaker for the circular columns than for the square columns (i.e.,
1.32 for brick aggregate, 1.00 for recycled brick aggregate, 1.20
for recycled stone aggregate concretes and 6.90 for stone aggregate
concrete). The ACI 440.2R [8] suggested values are also somewhat
larger than those estimated from the stone aggregate concrete col-
umn experimental data, as previously noted and discussed [9] in
uare)
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(c

ir
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Fig. 12. Plots for estimating the confinement models’ coefficients for circular columns in the ultimate state. (a) Strengthening ratio vs. actual confinement ratio plots for
CFRP-confined and GFRP-confined columns. The ACI 440.2R [8] relationships are plotted for reference. (b) Strain enhancement ratio vs. actual confinement ratio plots for
CFRP-confined and GFRP-confined columns. The ACI 440.2R [8] relationships for CFRP and GFRP confinement used in this study are also plotted for reference. The
relationships for square columns are plotted using dotted lines (data from Islam et al. [9]).
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terms of the Los Angeles abrasion values of the stone aggregates, as
was also used in the current study. Furthermore, the Pearson’s R
values for the circular column data shown in the figures were
found to be closer to unity than were the values associated with
square columns. More similar R values for circular stone aggregate
concrete columns relative to the values of square columns are rea-
sonable based on the various effects at play for the cross section
and geometry of square columns.

4. Conclusions

(a) Plain concrete columns composed of brick and recycled
aggregates exhibiting greater dilation under axial compres-
sion than those composed of stone aggregates results in
the following: (i) a significant increase in the initial stiffness
indicating an early mobilization of FRP confinement in con-
cretes having larger dilation properties and (ii) a marked
decrease in the final stiffness in the stress–strain responses
of such concrete columns. Initiation of the formation of
microcracks in concretes having larger porosities (and hence
more significant dilation properties) at a critical stress level
that is lower than that for the stone aggregate concrete has
been attributed to the first observation, whereas the exis-
tence of larger numbers of fracture planes compared to
stone aggregate concrete has been attributed to the second
observation.

(b) Due to the uniform stress distribution, the initial stiffness
increase effect was more significant for circular columns
than for square columns. The observed trend in the change
in final stiffness values between significantly dilatable and
less dilatable concretes for square columns suggests a
delayed fracturing process of the side concrete after confine-
ment is mobilized toward the four corners.

(c) High-definition video and still images demonstrate that
rapid post-peak failure events occurred in confined columns
experiencing either large dilation or larger confining pres-
sures. This pattern requires future design attention to ensure
the appropriate safety factors for the relevant cases.

(d) The relationships between the strengthening and strain
enhancement ratios and the actual confinement ratio
were plotted to measure the confinement effectiveness
coefficients and the strain enhancement coefficients for the
ultimate state for circular columns for concretes composed
of each of the coarse aggregate types. In contrast to the
observations for the square concrete columns, the measured
coefficients in the circular columns were found to be similar
for all aggregate types. This result strongly confirms that
uniformity in the confining pressure distribution is favorable
for harnessing similar confinement effectiveness for all
aggregate types in the ultimate state. Therefore, for rectan-
gular columns, the effects of dilation are predicted to be
more severe in association with decreases in the confined
concrete strength due to the greater nonuniformity of the
confining pressure distribution of rectangular columns, even
when compared to square columns.
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