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Abstract: This paper aimed to experimentally and analytically investigate the behavior of reinforced concrete (RC) short
capsule-shaped columns confined with carbon fiber-reinforced polymer (CFRP) sheets. The efficiency of FRP-confined
strengthening system depends mainly on different encountered parameters such as the FRP confinement ratio, shape and size of
cross-section, and cross sectional aspect ratio of non-circular columns. The effects of varying the aspect ratio (h/b=2, 2.5, 3 and
4), FRP confinement ratio (number of FRP layers), and FRP-wrapping configuration (full and partial system) are examined in
this study. The experiment results showed that the efficiency of FRP confined system was proven to be lower with higher aspect
ratio than that with the lower aspect ratio. Confinement by CFRP sheets enhances the performance of capsule-shaped RC
columns subjected to axial compressive loads, and it is an efficient technique to improve the strength and ductility of capsule
shaped RC columns regardless the cross sectional aspect ratio and the type of confinement. Analytical model was proposed by
the authors to predict the axial load carrying capacity of short capsule-shaped reinforced concrete columns. The proposed model
is compared with the existing model, showing good agreement with the experimental results and it is improved performance and
gives reasonable predictions of load carrying capacity of FRP-confined columns.
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columns is to perform shape-modification of the column
cross-section into an oval, elliptical, capsule-shaped or
circular  cross-section.  Columns  with  rectangular
cross-section can be modified to capsule shape by adding
semi-circular to shorter sides of columns to improve the
confinement effectiveness of FRP sheets. A limited number
of experimental studies have been performed on large-scale
FRP-confined reinforced concrete columns having a capsule
shape cross section with a higher aspect ratio. More
researches focused on FRP-confined rectangular columns
subjected to axial loading [2-8]. It is concluded that the
confinement increased the strength and ductility of the
columns. Also, previous researches attest the significant
effect of the cross-sectional aspect ratio. Moreover, the
efficiency decreased considerably as aspect ratio increased.

1. Introduction

Wrapping of concrete columns with CFRP sheets is
considered as an efficient strengthening technique. The
efficiency of FRP-confined technique depends mainly on the
shape cross-section. In case of FRP-confined rectangular
columns, the cross-sectional aspect ratio effects significantly
on the efficiency of this strengthening technique. In the
updated version of the ACI 440.2R-08 [1], the limitation of
the aspect ratio of FRP-confined rectangular columns is
extended from 1.5 to 2.0 as a limit to apply this strengthening
technique, and the effect of the cross-sectional aspect ratio
(h/b) was added as a shape factor for noncircular cross
sections columns confined by FRP. One approach for
improving the effectiveness of FRP jackets for rectangular
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However, Triantafillou et al, [9], found that wrapping with
FRP sheets increased the axial strength of rectangular
reinforced concrete columns even with aspect ratios higher
than 3.0. Therefore, the confinement effectiveness of FRP
composites for non-circular columns with higher cross
sectional aspect ratios and the behavior of these types of
columns should be further evaluated.

On the other side, few researchers [10, 11] investigated the
behavior of FRP-confined capsule-shaped columns, it has
been found that the increase in axial load capacity of
FRP-confined capsule shaped columns was greater than the
corresponding columns. A test program by Tan et al, [11] was
conducted on FRP-confined capsule-shaped plain concrete
columns with cross-sectional aspect ratios varied from one to
four and confined with CFRP sheets. The columns were
tested under monotonically increasing axial load. Test results
showed significant enhancement in confined compressive
strength of columns by 143%, 72%, 22% and 28% for
column's cross- sectional aspect ratios of 1, 2, 3 and 4
respectively. ~ FRP-confined  columns  with  higher
cross-sectional aspect ratios showed an insignificant increase
in axial strength. This can be attributed to the lower
confining pressure and smaller confined concrete area.

2. Experimental Program
2.1. Materials and Methods

Ordinary Portland cement was used throughout the program
for making the concrete, the water - cement ratio was 0.52 to
have a slump of 80+10 mm. The fine aggregate used was
natural siliceous sand with specific gravity of 2.50 and unit
weight of 15 KN/m®. The coarse aggregate was crushed gravel
of 20 mm maximum nominal size, with specific gravity of
2.65 and unit weight of 15 KN/m®. The concrete mix contents
by weight for one cubic meter of concrete are given in Table 1.

Table 1. The constituent materials per cubic meter of concrete.

Cement (kg) Fine agg. (kg) Coarse agg. (kg) ‘Water (liter)

375 613 1226 195

The different columns were reinforced with high tensile
steel deformed bars of grade 400/600 and diameter 12 mm as
longitudinal steel. Mild steel plain bars of grade 240/350 and
diameter 6 mm was used as internal closed stirrups for the
different columns. Yield/proof stress and tensile strength are
421 and 678 MPa for 12 mm diameter bars and 266 and 389
MPa for 6 mm diameter bars.

The external reinforcement was a CFRP sheet [12] of
0.131mm equivalent dry fiber thickness (tf). The ultimate
tensile strain(gf ), E-modulus(Ef), and Tensile strength of
CFRP sheet without polymeric matrix are (in accordance with
the manufacturer) 1.8%, 238000 MPa, and 4300 MPa,
respectively. The resin used for the completion of CFRP sheets
has flexural E-modulus and tensile strength of 3800 MPa and
30 MPa, respectively. For different column specimens, steel
moulds were used for casting the specimens vertically.

Axial compressive loads were applied to the column

specimens by using a universal testing machine of 5000 KN
capacity. Two linear variable differential transducers (LVDTs)
were attached to the lower plate (moving head) of the testing
machine to measure the mean axial shortening of the columns.
The LVDT data were used to calculate the mean axial concrete
strain. Also, two vertical electrical strain gages and four
transverse electrical strain gages were placed on the surface of
concrete at mid-height of the specimens in case of control
columns to measure the vertical and transverse strains induced
in the concrete. Moreover, in order to measure the transverse
strain (hoop strain) induced in the CFRP jacket during loading,
four electrical strains were attached to the surface of CFRP in
the hoop direction at mid-height of the strengthened
specimens. All instrumental equipment were connected to a
data-logger system (TDS-150) which was connected with
computer to record the values of strains, load cell readings,
and LVDT deformations during testing at every one second.

2.2. Details of Tested Columns

Sixteen normal reinforced concrete rectangular columns
were casted with different cross-sectional aspect ratios
(h"/b=1, 1.5, 2, and 3), where (h") is the length of straight
portion of the longer side of the original section, as shown in
Figure 1. Two semi-circular segments of normal concrete were
added on the two short ends of the rectangular section to form
a capsule-shape column, and then each column was wrapped
transversely with CFRP sheets. The diameter of these
semicircular segments is same as the width of the square and
rectangular sections. The cross-sectional aspect ratios of
rectangular section (h"/b =1, 1.5, 2, and 3) will become a
capsule shaped with aspect ratio (h/b =2, 2.5, 3, and 4)
respectively, after adding the two semi-circular segmental
pieces, see Figures 1 & 2. The capsule shape columns were
designated as BO-m for unconfined columns. However, the
designation were BFn-m and BPn-m for fully and partially
confined columns, where (F) refers to fully confined and (P)
refers to partially confined, (m) gives the aspect ratio (h/b),
and (n) denotes the number of layers of wrapping CFRP sheets.
The specimens are classified into four series as shown in Table
2 and Figure 1. The first series was the reference control
columns (B0-m) unconfined capsule shaped with different
cross-sectional aspect ratios (m). The second series of capsule
shape columns (BF1-m) were fully wrapped with one layer of
CFRP for different cross-sectional aspect ratios (m). The third
series of columns (BF2-m) is same as the second series of
columns (BF1-m) but wrapped with two layers of CFRP
sheets. The fourth series of columns (BP2-m) were partially
confined with two layers of CFRP sheets with same
percentage of confinement as full wrapping with one layer of
CFRP sheet.

The smallest dimension of cross-section (shorter side) b of
different column specimens equals 150 mm. The different
tested specimens are short columns with constant slenderness
ratio H/b of 6, where H (=900mm) is the height of the column,
which was kept constant for the different columns. The
percentage of internal longitudinal steel reinforcement is also
kept constant and equal to us (= 1.8%) and the percentage of
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internal lateral reinforcement p, (= 0.45%) was kept constant
for all column specimens. The mean compressive strength for

standard cube after 28 days for the different tested columns
were listed in Table 2.
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Figure 1. Geometrical details of tested columns with strain gauge locations.

Table 2. Details and data of tested capsule-shaped columns.

Concrete Columns Dimensions Internal Reinforcement Confinement*
Column No. Strength Longitudinal Lateral

feuw (MPa) b x h (mm) h/b As S (11,=0.45%) br(mm) S;(mm) e (%)
B0-2 31.2 106 mm
BP-2 33 150300 5 6 ®12 mm @120mm 70 140 0.25
BF1-2 32,9 (h" =150) (s ~1.8%) e 0.25
BF2-2 344 PSDaS) 0.5
B0-2.5 31.2 106 mm
BP-2.5 33 150x375 25 8 ®12 mm @110mm 70 140 0.235
BF1-2.5 32,9 (h" =225) : (1 ~1.8%) o 0235
BF2-2.5 34.4 PSDaS) 047
B0-3 31.2 2 06 mm
BP-3 33 150%450 3 10 @12 mm @160 mm 70 140 0.224
BF1-3 32.9 (h" =300) (1 ~1.8%) (vm0.45%) 0.224
BF2-3 34.4 HY=RA70 0.448
B0-4 31.2 2 36 mm
BP-4 33 150x600 4 14 ®12 mm @ 130mm 70 140 0.21
BF1-4 32,9 (h" =450) (s ~1.8%) e 021
BF2-4 34.4 HVZDA570 0.42

byis the width of the CFRP strips, Syis center to center spacing of the CFRP strips, 1 FRP confinement ratio,* see Figure (13).
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Figure 2. Details of reinforced concrete tested columns.

3. Experimental Results and Discussion

The test results of the different tested columns in terms of
maximum load(P,), axial stress of FRP-confined columns
fec(= P,/Ag) which is the maximum load over the cross
sectional area, Py cons and Py ycons are the maximum axial
load of confined and corresponding unconfined tested
columns respectively. The ratio (Pycons / Puuncons) 18
defined as a strengthening ratio, and the gained strength equals

(Pu,conf -

jacket efficiency factor (K,

CFRP strains.

Pu,unconf / Pu,unconf) %X 100
strain €. pean corresponding to maximum load. Moreover, the
results includes FRP-hoop strains at maximum load (at
mid-height)egy, .« Also, the hoop strain efficiency factor or the
= Efmax / Erure) 18 the ratio of the
maximum hoop strain €., over the FRP ultimate tensile
strain & 4,5 (= 1.8%) are given in Table 3. Maximum hoop

Table 3. Experimental results of capsule-shaped tested columns.

E

mean

Axial Stress & Strains

Max. hoop CFRP Strains

Column No. h/b anilers P, Foe Pucons ¢, Ecc €fmax mas e
(KN) (MPa) P, unconf (%o) €co (%0) Efult
B0-2 0 1155 28.80 1.00 4.90 1.00 120
BP-2 5 2 1414 3526 122 8.10 1.65 4.26 0.24
BF1-2 1 1658 41.33 144 10.07 2.06 5.48 0.30
BF2-2 2 1959 48.85 1.70 12.54 2.56 7.17 0.40
B0-2.5 0 1425 27.72 1.00 4.98 1.00 127
BP-2.5 )5 2 1655 32.20 1.16 6.42 129 2.25 0.13
BF1-2.5 ' 1 1884  36.65 132 8.03 1.61 3.36 0.19
BF2-2.5 2 2175 4232 1.53 9.99 2.01 4.69 0.26
B0-3 0 1651 26.38 1.00 5.01 1.00 1.63
BP-3 3 2 1816 29.01 1.10 6.31 126 2.03 0.1
BF1-3 1 2043 32.63 124 7.92 1.58 2.77 0.15
BF2-3 2 2326 37.16 1.41 9.45 1.89 3.33 0.19
B0-4 0 2146 2522 1.00 5.03 1.00 1.48
BP-4 4 2 2255 26.50 1.05 5.65 112 1.60 0.09
BF1-4 1 2399 28.19 1.12 7.50 1.49 1.99 0.1
BF2-4 2 2523 29.64 1.18 8.95 1.78 2.67 0.15
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3.1. Failure Modes

The cross sectional aspect ratio showed insignificant effect
on the obtained failure mode of the tested columns. The
control columns failed due to crushing concrete in a typical
shear, compression failure as shown in Figure 3. The
concrete crushing occurred at middle third of the columns
height, accompanied with the splitting of concrete cover in
that zone.

The most typical failure mechanism of fully confined
column specimens was the rupture of CFRP sheets
accompanied with crushing of concrete in that zone, as
shown in Figure 3. The rupture of CFRP occurred at or near

e

BP-2.5

the corner and located at middle- third of the column's height.
Failure of the confined specimens occurred suddenly without
warning.

At a stress level corresponding to the unconfined concrete
strength, the partially wrapped column specimens (BP-2,
BP-2.5, BP-3 and BP-4) showed fine cracks at free spacing
zone between FRP strips, as shown in Figure 3. The failure
was observed due to crushing concrete at the free spacing
between FRP strips. These specimens then failed explosively,
due to FRP sheets rupture at the middle-third height, as
shown in Figure 3.

Figure 3. Failure modes of tested columns.

3.2. Axial Load Capacity and Gained Strength

The compressive strength of the FRP-confined columns
enhanced significantly in comparison with corresponding
control columns. To estimate the improvement in the axial
load capacity due to confinement, the ratio of maximum load
of the confined column to their counterpart control column
(Puconf / Puuncony) Wwas defined as strengthening ratio.
From Table 3, it can be seen that the FRP-confinement of
capsule shape columns increases the compressive strength. In
addition, as the increase FRP-confinement ratio (increase in
the number of FRP layers), the gained strength increase with
respect to unconfined columns.

For aspect ratio of 2, the values of strengthening ratio
(Pucons / Puuncons) Were 1.44 and 1.70 for one layer and

two layers respectively, However, those of higher aspect ratio
(h/b =4) showed much smaller 1.12 and 1.18 respectively. In
general, as the FPR confinement ratio increase the
compressive strength increase, particularly in case of lower
aspect ratio and fully confined columns. By other words, the
gained strength increase as the aspect ratio decrease. On the
contrary strengthening ratio, there is insignificant gained
strength for columns with higher aspect ratio (h/b=4) for one
and two layers. Figure 4 shows the variation of gained
strength versus cross-sectional aspect ratios (h/b) of columns
confined with zero, one, and two layers of CFRP sheets. For
fully confined the largest value of gained strength (= 70%)
was occurred in capsule shaped column specimens of h/b = 2
(BF2-2) while very low values equals 12% were found in
capsule shaped columns of higher aspect ratio of h/b=4
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(BF1-4). The gained strength of FRP-confined columns are
direct proportional to the number of FRP layer and inversely
proportional ~ with the cross-sectional aspect ratio.
FRP-confined columns with higher aspect ratios (h/b > 3)
showed insignificant increase in axial strength. This can be
attributed to the lower confining pressure, non-uniform stress
distribution and lower confined area of concrete. It is worth
to mention that according to a previous study by the authors
(Megahid et al, 2018) on the FRP-confined rectangular
columns, for certain aspect ratio and same number of layers,
FRP-confined capsule-shaped columns was showed a higher
gained strength in comparison to FRP-confined rectangular
columns due to higher effective confined area and the higher
level of confinement of FRP-confined capsule-shaped
columns.

For all cases of confinement, the fully confined columns
showed a higher gained strength in comparison with the
corresponding partially confined columns. For the same FRP
confinement ratio the gained strength for fully confined
columns were 44%, 32%, 24%, and 12% when aspect ratios
were 2, 2.5, 3 and 4 respectively, see Figure (5-a), however,
lower improvements for partially confined ones which
showed gained strength of 22%, 16%, 10% and 5% when

50
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aspect ratios were 2, 2.5, 3 and 4 respectively. Therefore,
partially confined system is not recommended to be applied
for capsule shape columns particularly, for higher aspect ratio
(h/b > 2.5). For partially FRP-confined capsule shaped
columns, the load carrying capacity decreased as aspect ratio
increased: the improvement in the load carrying capacity
were 22%, 16%, 10% and 5% when the aspect ratio were 2,
2.5, 3 and 4 respectively.
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Figure 4. Gained strength versus aspect ratio.
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Figure 5. Effect of aspect ratio on gained strength and axial strain of different confined system.

3.3. Axial Concrete Strain

The FRP confinement effectiveness is more significant in
terms of enhancement of concrete axial strain rather than the
increase in axial strength. The strain improvement of
FRP-confined capsule shape concrete columns with lower
aspect ratio (h/b < 3) showed better enhancement more than
columns with higher aspect ratio (h/b > 3). By other words,
the enhancement in confined axial strain decrease by
increasing the cross-section aspect ratio of columns. The ratio
Ze¢  (maximum axial strain g, corresponding to the

€co

maximum axial stress of the confined column to their
counterpart control unconfined column €., at peak) is
defined as axial strain efficiency factor; quantify the
improvement in the axial strain and the enhancement in
ductility of the columns due to confinement. For
FRP-confined capsule shape columns, the axial strain

efficiency factor(g../€¢o) Of cross-sectional aspect ratio of 2,
2.5, 3 and 4, confined with one layer of CFRP sheet, were
2.06, 1.61, 1.58 and 1.49 respectively. Also, for capsule
shape columns confined with two layers of CFRP, the axial
strain efficiency were equal to 2.56, 2.01, 1.89 and 1.78
respectively. This proves that the transverse FRP confinement
enhances the deformation characteristics of RC columns as
well. Moreover, it is clear from Figure 6 that the axial strain
efficiency factor decreased with increasing aspect ratios due
to less confinement effect. The axial strain efficiency factor
increased with increasing the number of layers of CFRP
sheets from one layer to two layers: the axial strain efficiency
factor was about 1.24 for lower aspect ratio (h/b < 2.5), and
about 1.20 for higher aspect ratio (h/b >2.5).

For partially confinement system, the axial strain capacity
decreased as aspect ratio increased, the axial strain efficiency
factor (g¢c/€co) Were 1.65, 1.29, 1.26 and 1.12 when aspect
ratio 2, 2.5, 3 and 4 respectively. Generally, the fully confined
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system showed a higher axial strain in comparison with the
corresponding partially confined system with a same CFRP
confinement ratio. The improvements in axial strain for one
layer fully confined columns were 106%, 61%, 58% and 49%;
however, the improvements for partially confined ones were
65%., 29%, 26% and 12% when aspect ratios were 2, 2.5, 3 and
4 respectively as shown in Table 3 and Figure (5-b).
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N
~
w

g

=Q-—Two layers
~{ll—one layer

g ¥ 8 B

Axial strain efficeincy factor
&
v

lvw T T T T 1
2.00 2.50 3.00 3.50 4.00 4.50

Aspect raio (h/b)

Figure 6. Effect of aspect ratio (h/b) on axial strain efficiency factor:

Partially confined system showed a noticeable enhancement
in concrete strain capacity €. for capsule shape columns,
specially, those of lower aspect ratios (h/b <2.5). In addition to
being more ductile than unconfined columns, the failure
behavior of the partially confined samples showed an alert and
warning before occurrence of failure: the cracks begin to grow
in the unconfined zones in comparison to fully confined
columns, which failed suddenly without warning.

3.4. FRP-hoop Strain

The axial compressive behavior of the FRP-confined concrete
is closely related to the confining pressure that the FRP jackets
exert on the concrete. FRP-hoop strain at rupture of the confined
columns is usually lower than the ultimate tensile strain.
Throughout the different obtained results concerning the
FRP-hoop strain, it is obvious that the maximum lateral or FRP
hoop strains at failure &gy, 1S less than the ultimate tensile
strain &gy (=1.8%) for the different confined columns.
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Moreover, the maximum hoop strains decreased as the
cross-sectional aspect ratio increased, as shown in Table 3. From
the present experimental results, summarized in Table 3, the
value of jacket efficiency factor (K,) of FRP-confined capsule
shape columns ranges from 30% to 40% (35 % on average) for
capsule shaped columns fully wrapped with one and two layers
for the aspect ratio of (b/b = 2). For capsule shape fully wrapped
columns, the jacket efficiency factor (K; = €fmax / Efult)
ranged decrease 19% to 26% (about 23 percent on average) for
the aspect ratio of (h/b = 2.5), and about 17 % for aspect ratio of
(h/b = 3), and for the higher aspect ratio of (h/b = 4) only 13 %.
The maximum hoop strain decreases as the aspect ratio (h/b)
increases. Therefore, the maximum jacket efficiency factor
(K¢) is related to the aspect ratio. Figures (7-a) & (7-b) shows
the relationship between aspect ratio (h/b) and (K.). It is
evident that jacket efficiency factor is dependent on the confined
system (full or partial system), thickness of the jacket, and the
cross-sectional aspect ratio.

The observed FRP hoop strains at failure were always
lower than the ultimate FRP strain determined from tensile
tests. The ultimate FRP hoop strains at rupture differed for
various column specimens, as shown in Figure 7. For fully
confined capsule shape columns with aspect ratio (h/b= 2),
the maximum hoop strain at failure was found as 5.48%o (=
0.30 efult), 7.17%o (= 0.40 efult) with confinement by one
and two layers of CFRP sheets respectively, while this value
decreased to 3.36%o (= 0.19 efult) and 4.69%0 (= 0.26 &fult)
and less for capsule shape columns with a cross-sectional
aspect ratio (h/b > 2.5). For a higher aspect ratio of 3 and 4,
the failure occurred at a much lower hoop- strains of 2.77%o
(= 0.15 efult) and 1.99%o (= 0.11 efult) respectively.

Regardless the confined system (full or partial wrapping),
the jacket efficiency factor K, is inversely proportional to
the cross section aspect ratio of the cross section: K,
decreases as the aspect ratio (h/b) increases. For fully
FRP-confined columns with aspect ratio more than 3, slight
increase was observed on the FRP hoop strain and the value
of k., was approximately equals 0.15 in average, while for
partially FRP-confined columns with a cross-sectional aspect
ratio more than 3, the average value of k. is decreased to
0.10 and less, see Figure 7.
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-4
$ 0.40
R
g o030
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% 0.20 -
£
% 0.10
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Figure 7. Effect of aspect ratio on the jacket efficiency factor K.,
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At the same level of loading, the FRP hoop strain increase
as the number of layers decrease. However, the maximum
hoop strain corresponding the maximum load normally
increases as the number of layers increase, as long as the
final failure due to rupture of FRP sheets: the failure mode
for the different FRP-confined columns was due to the
rupture of FRP sheets.

For certain FRP confinement ratio, the jacket efficiency factor
k. depends on the geometric of column's cross- sectional as the
shape of cross-section, and aspect ratio, as showed in the
previous studied and the experimental results in this study.
Based on experimental results of CFRP-confined -circular
concrete columns by Lam and Teng [5], an average value of
0.586 was proposed for k., and the value of 0.55 was
recommended by ACI 440 2R-08 [1].Based on previous studies
on FRP-confined square and rectangular concrete columns by
[2-5] and [14], showed that the FRP jacket efficiency factor k.
decreases with the increasing cross-sectional aspect ratio. In
addition, it was found that for square columns, the average value
of k. is equal to 0.40 while for rectangular columns with a
cross-sectional aspect ratio of 2 and more the average value of
k. is reduced to 0.20. Those average values of k., were
introduced into the model proposed by Tan et al, [11] and
assumed that for any intermediate aspect ratio between 1 and 2,
the FRP jacket efficiency factor k, may be interpolated
between 0.40 and 0.20.

Wu and Wei [8], investigated the effects of the aspect ratio
(h/b) on the FRP hoop strain, they showed that when the
aspect ratio (h/b) varied from 1 to 2, the FRP rupture strains
at corners of rectangular sections were close together.
Therefore, this study assumed that the effective failure strain
of FRP is a function of the ratio of the corner radius and the
shorter side length (2r/b). Also, the effect of the aspect ratio
for rectangular columns is accounted as shape factor of
aspect ratio, which equal to (h/b)~?>. This shape factor
includes the aspect ratio into their proposed model to reflect
the variation of confinement effectiveness, which is different
from all of the previous models.

Based on what mentioned previously concerning the FRP
jacket efficiency factor k., it is obvious that the efficiency
factor k. depends on various aspects and parameters, which
their influence and interaction are difficult to be quantified
analytically, the authors suggested expressions to predict the
efficiency factor k., as a functions of the geometry of
cross-section as mentioned in Equations (1) to (4) and Figure 8.

For full wrapping

(@)@ rortss

ke = 0.15 for = >3 Q)
where h" = h — 2r,
For partial wrapping
r\\ (b h
k, = (1 - (E)) (2) fort<2s 3)

ke =0.10 fory >3 (4)
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Figure 8. Experimental and proposed values of efficiency factor (Kg).

4. Analytical Modeling
4.1. Available Confining Model for Capsule Shape Columns

According to the knowledge of the authors, So far there is
only one available analytically model deals with
FRP-confined capsule shape columns suggested by Tan et al,
[11]. This model deals with fully confined capsule shape
columns only. The ultimate axial load carrying (P,) depends
on the confined concrete strength (fy;) which by its turn
depends on the total confining presser f;* and the concrete
strength f., see Equation (5) and (6). The average lateral
confining pressure (f;") is functional in both the geometry of
cross section and the characteristic of used FRP and obtained
according Equation (7).

B, :fc,c Ac ©)

in which, A is the area of column.

fee i
e =1445L
7t + b ©)
x _ ke b\ (21 Eftr0-2¢ruie
fir = (14 7) () ™
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where (Ef) is the elastic modulus of wrapping FRP sheet in
N/mm?, (n) is the number of FRP layers, (tr) is the thickness
of FRP sheet and (&) is the ultimate tensile strain of the
FRP sheets.

The shape factor (k,) or the effective confinement of
capsule shape and rectangular sections are given by:

)

bh—(4-m)rg—+>—12
= ®)
bh—(4-m)r{

ke

where b is the shorter dimension and h" is the length of
straight portion of the longer side of the cross-section, see
Figures (11 & 12).

The nominal compressive load was predicated according
the analytical model suggested by Tan et al, [11]. The model
showed an underestimation, where the values of the ratio of
predicted load to that obtained experimentally (Py pre(1)/ Py exp)
ranged from 0.737 to 0.965, as shown in Table 5 and Figure
13. Moreover, the model does not deal with the
FRP-confined capsule shape columns partially wrapped.
Consequently, the authors proposed an analytical model take
into account the effect of different encountered parameters
into account, particularly those overlooked by the available
model (Tan et al, [11]) particularly, those deals with partially
confined columns and the level of confinement.

4.2. Proposed Analytical Model

The experimental results showed that the axial load

carrying capacity of FRP-confined concrete columns
improved considerably in comparison with the corresponding
unconfined columns. The load carrying capacity of
strengthened columns is affected by the confined concrete
strength (f¢.), which by its turn is affected by both the level
of confinement and the confined system (full or partial
wrapping). The available model does not deal with the
capsule shape columns confined with partial FRP sheets.
Therefore, the authors proposed an analytical model take into
account different parameters encountered when applying this
technique. To predict the load carrying capacity of RC
columns strengthened externally by means of wrapped CFRP
sheets, the axial load carrying capacity of strengthened
columns (P,) can be obtained according to Equation (9) in a
similar manner as the unstrengthen reinforced concrete
columns.

B, = BfiAc+ fyAs )

where A, is the area of the section concrete column, Ay is
the area of longitudinal reinforcement, f, is the yield stress
of the longitudinal reinforcement, 8 is a factor depends on
the level of confinement as given by Rocca et al. [15], which
by its turn depends on the FRP confinement ratio, shape of
cross section and cross sectional aspect ratio of the columns
as shown in Figure 9.

B = 0.85 For capsule shape with (h/b < 3)

3 = 0.80 For capsule shape with (h/b > 3)

.
Peel s (Eccu,fec)
f’ce Pl
fec [ FF "~y (eccu, 6 > 0.85fcc)
feol-- AN\
0.85F cck/ 1\ (gccu,0.85fce)
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V. gocu,0.85f7¢co
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(b)— lightly confined
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> Failure

Figure 9. Schematic stress-strain behavior of confined and unconfined RC columns (Rocca et al., [15]).

The confined concrete strength (f.) herein is predicted
according to Equation (10) originally proposed by Mander et
al. (1988a).

cc = f0(2.254 |1 41l 1.254)  (10)
fCO fC

where (f?) is the unconfined standard cylinder compressive
strength of concrete (f) = 0.8f.,), f. is unconfined
standard cube compressive strength of concrete.

To calculate the confining pressure fj, it is necessary to
consider that the capsule shaped section is consists of two
semi-circular segments and a rectangular segment in between,
as shown in Figure 10. The lateral confining pressure

assumed to be uniformly distributed along the longitudinal
axis of the column. The equilibrium of forces gives the
maximum lateral confining pressure (f;) as:

_2ngtrEfey bf
fi = 2 2L

(11)

where (b) is the shorter side of column's cross section, (Ef) is
the elastic modulus of wrapping FRP sheet in N/mm’, (ny) is the
number of FRP layers, (tf) is the effective thickness of FRP
sheet and (&) is the ultimate tensile strain of the FRP sheets.
The term (bs/(bs +s")) deals with type of confinement
(partially or fully confined): for partially confined by is the
width of FRP strip and s’ is the free spacing between FRP
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strips, (Figure 13), for fully confined the term (bs/(bs +
s)) is equal to 1.0. The lateral confining pressure of

The efficiency factors k., k, and k, introduced in
Equation (12) deal with the effective confined area due to the

FRP-confined capsule shape columns (f;) can be  shape of cross-section, the type of confinement (full or partial
calculated according to Equation (12). wrapping), and the jacket efficiency factor respectively.
fi' = fix (ke X ke Xkp) (12)
ntpEp ey, ntgEp €y nteEp ey nteEp ey,
— < = — ——— » 4
- o g L — —_—
L - 7 St i Ly, el — —
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o J— i A o e - —. .
S — A -t L - —
— < > ¢+
ntpEp £, nt;Ep €, ntpEp £, nitgEp £,
—h—
h“ h-2rc
He L 1T | confined|

b=D

il

>

7 N K

\

unconfined

Figure 10. Confinement model for a capsule shaped columns.

The FRP-jacket efficiency factor (k,) depends on the
geometric of column's cross section (the aspect ratio) for the
same FRP confinement ratio. k. is calculated as suggested by
the authors previously, see Equations (1) to (4) for full and
partial wrapping. The shape factor (k. ) or the effective
confinement coefficient is defined as the ratio of effectively
confined concrete core area (A.) to the total area of concrete
column (A.), k., (= A./A.). The capsule-shaped column is
considered as a rectangular column of area (bh) with corner
radius 7, as shown in Figure 11, the total concrete area (4.) of
the capsule-shaped column is given according to Equation (13).

A, =bh—4 [rg "f] =bh—[4—n]r?  (13)

Due to the lateral confining, the semi-circular segments of
the capsule-shaped column are considered fully confined
while the rectangular segment is partially confined. It is
commonly accepted that, in a rectangular section, only part
of the concrete is effectively confined by lateral FRP sheets
through the arching action. However, for capsule-shaped
column, the effective confinement area is contained by two
parabolas, with the initial slopes of the parabolas being the
same as the adjacent diagonal lines. The effective area (4,)
is obtained by subtracting the unconfined area of parabolas
assumed by arching action from the total area (A4.) as shown

in Figure 11, where the area of one parabola is equal to
((h")?/6). Consequently, the effective confined area (A,)
of both rectangular and capsule-shaped sections can be
calculated according Equation (14), see Figure 11.

(b +h"

As a result, the general formula of the -effective
confinement coefficient of rectangular and capsule-shaped
sections are given according Equation (15).

T [ (3(b: :hnz]rc)ﬂ <1 (15)

For rectangular section (b" =b—2r,) and (h"=h-—
2r.). For capsule-shaped section b" =0 since (b = 2r,)
and (h" = h —b) for two arches along the straight portion
of the longer side section in plan with an initial tangent slope
of 45° but, for rectangular section four arches along the four
sides, as shown in Figure 12.

The effective confinement coefficient of capsule-shaped
sections can be written as:

b"2+h"

A, = A, —2( )=bh—[4—7r]rcz ) (14)

(h—b)?

ke=j—i=[1—(m)]<1 (16)
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Figure 11. Proposed confinement model for capsule-shaped columns.
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Figure 12. Confinement model for rounded corners rectangular columns.
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Figure 13. Confining pressure on a capsule—shaped column wrapped by FRP sheet.

For partial wrapping, the effective confining pressure is
assumed to be exerted effectively on the part of the concrete
core where the confining pressure has fully developed due to
the arching action. A second-degree parabola with initial slope

of 45° is assumed to describe the arching effect, as shown
Figure 13. In such a case, a confinement effective coefficient
k,, is introduced to consider the partial wrapping as follows:
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AE ca
fy = ecer (1)
A= bR+ (18)

2 , ) o2
b 2)or(5) )

ey = (1-22) 221~ ()

Ae Cap = Ae Rec + Ae Cir

(19)

where A, cqp is the effective area of capsule shape section,
A, rec the effective area of rectangular section and A, ¢ the
effective area of circular section.

For partial wrapping:

(13 5(0%) _

A
k, === 20
p Ac (bh"+%ﬂ> ( )
For Full wrapping:
ky =1

4.3. Analytical Verification of the Proposed Model

The Proposed analytical models for capsule shape
reinforced concrete columns described in the previous section
were assessed by comparing the predicated values with
corresponding experimental results. The experimental results
obtained through this study was used to evaluate the analytical
models, and the average ratios between predicated and
experimental load carrying capacity, the coefficients of
variation, and the correlation factor were calculated to
evaluate the performance of the analytical models.

The predicted load carrying capacity of the tested capsule

shape columns (P, ,..) was calculated according to model
proposed by authors, assuming that § = 0.85 for aspect ratio
(h/b<3)and B = 0.80 for aspect ratio (h/b > 3), see Table 4.
The predicted values were compared with the those obtained
experimentally for the different tested columns, as shown in
Table 4. It is worth to note that, the proposed model showed a
good estimation and approached considerably to the
experimental results (Table 4). It is found that an excellent
estimation to the experimental results for fully and partially
confined capsule shape columns was achieved correlation
factor equals 0.987and low standard deviation of 3.984 % and
coefficient of variation of 3.91.

The predicted axial load carrying capacities of
FRP-confined capsule shape columns was calculated by the
model proposed by Tan et al, [11] and compared with the
corresponding obtained experimental results, as shown in
Table 5. The standard deviation and correlation factor were
8.533% and 0.944 respectively. The comparison of proposed
confinement model and Tan et al, [11] model with the
observed results were presents in Figure 14.

Both analytical models predicted the axial load capacity
reasonably well, particularly in case of that proposed by
authors, which showed a better estimation approaching to the
experimental results (see Table 5). Considerably, it can be
noticed that, the errors in predicting the axial load capacity
were maximum for columns with aspect ratio (h/b= 4) by the
proposed model while minimum errors occurred for aspect
ratio (h/b< 4) in case of model suggested by Tan et al, [11].
Thus, the model proposed by Tan et al, [11] is underestimation
for various section aspect ratios except equals 4. It is
interesting to mention that, proposed model is found an
excellent estimation to the experimental results for fully
confined capsule shape columns with excellent correlation
factor of 0.989 and lower standard deviation of 3. 86 % and
lower coefficient of variation of 3.821.

Table 4. Experimental and predicted load capacity based on proposed model.

Experimental results Predicated results by proposed model Pu’pre (KN) P
Column No. _upre

Py exp (KN) B =0.85 B =0.80 Puexp
B0-2 1155 1112 0.962
BP-2 1414 1429 1.011
BF1-2 1658 1635 0.986
BF2-2 1959 2044 1.044
B0-2.5 1425 1423 0.999
BP-2.5 1655 1695 1.024
BF1-2.5 1884 1859 0.987
BF2-2.5 2175 2228 1.025
B0-3 1651 1659 1.004
BP-3 1816 1884 1.037
BF1-3 2043 1980 0.969
BF2-3 2326 2266 0.974
B0-4 2146 2254 1.050
BP-4 2255 2475 1.098
BF1-4 2399 2509 1.046
BF2-4 2523 2738 1.085
Average 1.019
Standard deviation (%) 3.984
Coefficient of variation 3.910
Correlation factor 0.987
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Table 5. Experimental and predicted load capacity based on proposed model and model proposed by Tan et al, [11].

Predicted results (KN)

Experimental results Proposed model Model proposed by Tan et al, [11]
Column No. P, exp (KN) . P, pre p P, pre(1)
upre P upre(1) P—
u exp u exp
B0-2 1155 1112 0.962 970 0.840
BF1-2 1658 1635 0.986 1222 0.737
BF2-2 1959 2044 1.044 1461 0.746
B0-2.5 1425 1423 0.999 1242 0.872
BF1-2.5 1884 1859 0.987 1516 0.805
BF2-2.5 2175 2228 1.025 1773 0.815
B0-3 1651 1659 1.004 1514 0917
BF1-3 2043 1980 0.969 1796 0.879
BF2-3 2326 2266 0.974 2058 0.885
B0-4 2146 2254 1.050 2058 0.959
BF1-4 2399 2509 1.046 2316 0.965
BF2-4 2523 2738 1.085 2547 1.010
Average 1.011 0.869
Standard deviation (%) 3.863 8.533
Coefficient of variation 3.821 9.818
Correlation factor 0.989 0.944
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Figure 14. Performance of capsule-shaped confinement models.

5. Conclusion

Based on the conducted experimental tests on the axially
loaded capsule- shaped FRP-confined columns with
large-scale and higher aspect ratio as well as the performed
analytical verification, the following conclusions may be 5.
drawn out:
1. Significant enhancement in axial load capacities and
axial strain efficiency were observed for FRP-confined
capsule shape columns, particularly in case of full 6.
wrapping and higher FRP confinement ratio.
2. The enhancement in confined strength and axial strain
efficiency decrease by increasing the cross-sectional
aspect ratio of capsule shape columns.
3. The gained strength are inversely proportional to a
cross-sectional aspect ratio and direct proportional with
the FRP confinement ratio. FRP-confined columns with 7.

higher section aspect ratios (h/b > 3) showed a slight
increase in compressive strength and axial strain.

. Partially FRP-confined capsule shape columns showed a

noticeable enhancement in concrete strain capacity
particularly in case of aspect ratio equal to and smaller
than 2.5 (h/b < 2.5).

The max hoop strain corresponding to the maximum
load decreases as the aspect ratio (h/b) increases.
Therefore, the maximum jacket efficiency factor (k) is
proportional to the aspect ratio.

The analytical model proposed by the authors to predict
the load carrying capacity of fully and partially
FRP-confined capsule shape columns showed a good
estimation and approaches considerably to results
obtained experimentally, with correlation factor and the
coefficient of variation equal to 0.987 and 3.91%
respectively.

Both of the analytical models (by authors and by Tan et
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al, (2013)) predicted the axial load capacity for fully
FRP-confined capsule shape columns reasonably well,
particularly in case of that proposed by authors, which
showed a better estimation approaching considerably to
the experimental results.
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