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The behaviour of reinforced concrete columns wrapped using Carbon Fiber Reinforced
Polymer (CFRP) sheets is studied in this paper. An experimental program was conducted
including testing twenty two reinforced concrete columns having the same slenderness
ratio but different cross sectional shapes and dimensions. Tested columns were divided
into two main groups. In the first group, ten columns were tested under monotonic
concentric loading. The effects of cross sectional shape and rectangularity ratio on the
efficiency of CFRP wrapping in enhancing column behaviour were investigated. In the
second group, the effect of load eccentricity ratio on the efficiency of CFRP wrapping in
enhancing the behaviour of circular and square columns was studied. Test results
showed that using CFRP wrapping greatly enhanced the ultimate load capacity and
ductility of reinforced concrete columns subjected to concentric loads. The maximum
enhancement observed was in the case of circular columns. Less enhancement was
obtained in the case of square columns. However, the efficiency of CFRP decreased
dramatically in the case of rectangular columns, especially for columns having large
rectangularity ratio. Furthermore, in the case of reinforced concrete columns subjected to
eccentric loads using CFRP enhanced both the ultimate load capacity and ductility of
columns. Such enhancement decreases with the increase in the eccentricity ratio. Finally,
based on a theoretical study a method is proposed to predict the ultimate load capacity of
reinforced concrete columns wrapped with CFRP. Results obtained from the proposed
method showed excellent correlation with the experimental results.
3o Al Gaualy lane el XS (e @iy 0 )< Calally 43 ikl Baae V) o sl Dlana Al o Sl 13 b o3 iy
3 Ao ey (Sly o padl ) gl A i Lgd Aaluall DLujal e saeel 0 L g9 —die 5 Gl
gl (S5 55 e IS il g8 V) de sanall Gy O gane A (e elld g dilin Al ans Jeil
L ygaad Jlaatyt il cand @l (0 )SH iy AdalaY) pe Balinal) 4y g8l 3elS o aillaind dpus XS 5 35 aall
Gl o siadl dag yall g Ay yilall 5ee Y1 3o S gl e Jranl) 4y ) a5 Al jy A0 Ao sanall ool iy
Gl D el AllaY) of dleed) i) & jelal 3y . g S UL Liad AblaY) cuils N 2l uila 8 050 S
A5 s @l 5aee Y1 03g) A shaaall 5 alV) Jeall o IS cppund (I (533 Aabisal Ayl jal) 83 ae D 50 SN
g il 5 oyl g Uil <3 B0V 4 i Gual 12 eitadl el b s sy aadl o) 5 A el Jas)
Lol 3aee S Leilly . cpuenl 138 La p0 (3 Sl GRlSSY) I g5 saaeY) (8 ALY Ax 3 5345 ol s Jybiad)
Gl AlaY) (e 2530 A shaadll g oafV] Jasdl (e S (5 Luad @llin of L il < pelil a8 dny sl 32221
W e el 1) Ay s A0 85 ga Ji guadl 138 gl (g smadl) Jasd) 585 a3 el 13y 5,
ol CalS 8 S G il sl dlasal edee N pal) deall Gl 4l sk 21 0 o3 4
.4._:1.«:.4“ Gﬁ\iﬂ\cna_}\ﬁma_)yagt\iﬂ‘,fuh)ﬁd‘ 43.1_,th

Keywords: CFRP wrapping, Reinforced concrete, Columns, Concentric loading,
Eccentric loading

1. Introduction

The technique of external confinement of
existing reinforced concrete columns to
improve their strength and ductility has
attracted many researchers in the last few
decades. Several methods have been proposed
for the external confinement of columns such
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as the conventional methods of using external
reinforced concrete jacket [1] or grout- injected
steel jacket. These two conventional methods
can enhance the axial capacity of the original
column. However, the use of external
reinforced concrete jacket causes a passive
confinement whereas the use of grout-injected
steel jacket causes an active one. Recently,
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the application of circumferential wrapping
with Fiber Reinforced Polymers (FRP) as a new
technique for external confinement of
reinforced concrete columns has been widely

used [2-8]. Such technique is relatively easy
to apply in comparison to conventional
methods. These composite wraps are thin,

light, flexible, non-corrosive, and can be easily
applied to columns with any shapes using
suitable epoxies [2].

Extensive experimental studies were found
in the literature which considered the use of
FRP composites to upgrade concrete columns.
Through these investigations the external
confinement was achieved either by direct
external wrapping [2-6] or by using concrete
filled FRP tubes [7 and 8]. Also, comparisons
were made between using carbon fiber or glass
fiber composite materials. Such comparisons
revealed that carbon fiber has a greater
energy-absorbing capacity than that of glass
fiber. This results in an increase in the
ultimate axial load capacity and ductility for
columns wrapped with carbon fiber than that
wrapped with the same volume of straps of
glass fiber [9].

Through previous investigations several
parameters were studied such as: column
cross-sectional shape; column length-to-
diameter ratio; concrete strength; longitudinal
steel reinforcement percent; effect of corner
radius in the case of non-circular columns;
and number of FRP layers. From these
investigations the following conclusions were
drawn: (i) the effect of FRP is less significant in
the case of square columns than that in the
case of circular ones [8]; (ii) for FRP wrapped
columns the effect of changing the length-to-
diameter ratio within the range between 2:1
and 5:1 is not significant on either strength or
ductility of column [8]; (iii both concrete
strength and concrete damage affect the axial
strength of wrapped columns due to the
change in concrete modulus of elasticity [2];
(iv) the variation in the longitudinal steel
reinforcement percent or in the volume of
stirrups with moderate spacing has a marginal
effect on the axial strength of wrapped
columns [2]; (v) the efficiency of FRP wrapping
increases significantly with an increase in the
ratio of radius of corner to side length for both
square and rectangular columns [4]; and, (vi)

an excessive confinement of columns using
large numbers of FRP layers leads to a very
sudden and destructive failures [4].

Recently, the behavior of FRP wrapped
reinforced concrete columns subjected to
eccentric loads was investigated [6]. In this
study, columns having square cross-section
were considered. However, the columns had
very small dimensions (108x108x305 mm).
Also, the eccentricity ratios used were very
small (e/h = 0.07 and 0.14). The study
concluded that the efficiency of FRP wrapping
technique is reduced in the case of columns
subjected to eccentric loads. Furthermore, it
was recommended in the study that more
research should be conducted in the case of
columns subjected to eccentric loads.

The theoretical studies found in the
literature regarding the confinement of
concrete columns using FRP composites have
concentrated on circular columns and several
stress-strain models were proposed [9-13].
Very little theoretical studies considered
modeling of non-circular columns [14]. All
proposed models were mainly based on the
equilibrium between the tendency of concrete
to dilate and the volumetric strain of the
wrapping material. The finite element method
was also applied to model reinforced concrete
columns wrapped with FRP composites [15].

The above presented summarized
literature review revealed that some important
aspects regarding the effect of FRP wrapping
on the behavior of reinforced concrete
columns are not well covered. The previous
investigations have concentrated on circular
columns rather than square or rectangular
ones. The effect of column cross section
rectangularity ratio on the efficiency of FRP
wrapping was not clearly evaluated.
Furthermore, the effect of FRP wrapping on
the behavior of columns subjected to eccentric
loads was studied only considering very small
values of eccentricity ratio.

In this paper, an experimental study was
conducted on reinforced concrete columns

wrapped with Carbon Fiber Reinforced
Polymer sheets (CFRP). Columns with
circular, square, and rectangular cross-

sections were considered in the study. For
rectangular columns the effect of
rectangularity ratio on the efficiency of CFRP
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wrapping in enhancing column behavior was
studied.  Through the experimental study
columns were tested under the effect of either
concentric or eccentric loads. The eccentricity
ratio was varied in order to study the effect of
such ratio on the efficiency of CFRP wrapping.
Furthermore, based on a theoretical study a
simplified method was proposed to predict the
ultimate load capacity of reinforced concrete
columns wrapped with CFRP.

2. Experimental study

The main objective of the experimental
study conducted in this paper was to study
the effect of column cross-sectional shape and
rectangularity ratio on the efficiency of CFRP
wrapping in enhancing reinforced concrete
columns behavior. Another important
objective of the experimental study was to
investigate the behavior of CFRP wrapped
reinforced concrete columns with different
shapes subjected to eccentric loads. The
details of the experimental program conducted
will be presented in the following sections.

2.1. Column details

Twenty two reinforced concrete columns
were tested in the experimental program. All
columns had a total length of 1300 mm. The
clear length was 1000 mm and the columns
were provided with two end heads each of 150
mm length. The cross-sectional dimensions of
column heads were greater than that for the
column cross-section by 70 mm from all sides.
The objective of providing columns with end
heads was to prevent premature local failure
at column ends.

Tested columns were divided into two
main groups. The first group (1) included ten
columns and was directed to study the effect
of column cross-sectional shape and
rectangularity ratio on the efficiency of CFRP
wrapping in enhancing column behavior in the
case of concentric loads. Five columns were
tested in their original condition without CFRP
wrapping (C, S, R1.5, R2.0, and R2.5). In
order to detect the effect of CFRP wrapping
five similar columns were tested after
circumferential wrapping with a single layer of
unidirectional carbon fiber reinforced polymer

sheets covering the whole clear height of the
column (WC, WS, WR1.5, WR2.0, and WR2.5).
It should be noted that sufficient anchorage
was provided for the CFRP wraps with an
overlap of 100 mm. The details of tested
columns in group (1) are shown in fig. 1-a.

The second group (2) included twelve
columns and was aimed to study the behavior
of CFRP wrapped circular and square
reinforced concrete columns subjected to
eccentric loads. Six columns were tested in
their original condition without CFRP
wrapping (ECO.125, ECO0.25, ECO0.50,
ESO0.125, ES0.25, and ES0.50). Six similar
columns having the same dimensions and
reinforcement details (WECO.125, WECO0.25,
WECO.50, WESO.125, WESO0.25, and
WESO.50) were tested but after wrapping with
CFRP sheets in the same manner explained
for group (1). However, for these columns in
group (2) before applying the circumferential
wraps CFRP sheets were also applied at the
column tension side in the longitudinal
direction covering the whole clear height of the
column. The width of this layer was 100 mm.
The eccentricity ratios considered were e/h =
0.125, 0.25, and 0.5. The details of tested
columns in group (2) are shown in fig. 1-b.

All tested columns were reinforced in the
longitudinal direction using 8 mm diameter
bars of mild steel. The number of longitudinal
bars were varied according to column cross
sectional area and the longitudinal
reinforcement percent was fixed for all tested
columns at 2%. All tested columns were
provided with lateral stirrups of diameter 6
mm mild steel (see fig. 1-c).

2.2. Materials

The concrete mix used for all tested
columns consisted of ordinary Portland
cement, natural sand, and broken stones with
20 mm maximum size , and the mix
proportions were 1.0: 1.6: 2.55, respectively
by weight. The water cement ratio w/c was in
the range of 0.4. In order to determine
concrete strength standard cubes
150x150x150 mm were cast from each
concrete batch. These cubes were tested in the
same day of testing the corresponding column.
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Fig. 1. Details of tested columns.
The average concrete cube compressive bars mild steel used as longitudinal
strength was 35 MPa. The 8 mm diameter reinforcement for tested columns had a yield
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and ultimate strength of 250 and 400 MPa,
respectively. The 6 mm diameter bars mild
steel used as lateral stirrups for tested
columns had a yield and ultimate strength of
235 and360 MPa, respectively.

The high strength carbon fiber reinforced
polymer sheets (CFRP) used for wrapping
columns were supplied by Sika Egypt under
the commercial name (Sikawrap Hex-230C).
The thickness of the CFRP sheets was 0.13
mm. The tensile strength and modulus of
elasticity of CFRP sheets were 3500 and
230000 MPa, respectively. It should be noted
that these mentioned properties of the CFRP
sheets were taken from the product data sheet
provided by Sika Egypt company.

2.3. Columns Ppreparation, instrumentation, and
loading setup

After casting, columns were kept in room
temperature and cured for 28 days. Then the
application of CFRP wrapping was performed.
Column surfaces were first roughened
thoroughly using mechanical metallic brush
and then were cleaned using compressed air
in order to remove any dust from concrete
surface. Following that, two-component epoxy
adhesive (Sikadur 330) was mixed according
to the proportions recommended by the
manufacturer. The epoxy adhesive mix was
then applied on the cleaned concrete surface
of columns, and the CFRP sheets were applied
on top of the epoxy adhesive layer. The CFRP
sheets were pressed against the concrete
surface, and then another layer of epoxy
adhesive was applied on top of the CFRP
sheets. After the application of CFRP sheets,
columns were left for two weeks before testing
in order to ensure that the epoxy adhesive
gained its full strength.

For all tested columns, longitudinal strain
was measured at the column mid height. This
was done by using mechanical dial gauges
with travel sensitivity of 0.01 mm. The strains
were measured at both two opposite sides of
the column as shown in fig. 2. The gauge
length was 105 mm. The axial strain was
then calculated by dividing the change in the
dial gauge reading by the gauge length.

All columns were tested using a 3000 kN
capacity universal testing machine. In order

to allow column ends to rotate freely, two
plates were placed between the column end
and the testing machine platen. As shown in
fig. 2, one of the two plates was made with a
spherical surface whereas the second plate
was made with a spherical groove, thus
allowing free rotation between the two plates.

e

—

!

fe

(a) Concentric Loading (b) Eccentric Loading

Fig. 2. Loading set-up.
3. Test results and discussions

Test results including ultimate load
capacity and the corresponding stain ag
ultimate load are presented in tables 1 and 2
for concentrically and eccentrically loaded
columns, respectively. The relationships
between load and axial strain  for
concentrically loaded columns are shown in
fig. 3. The load- compressive strain relation-
ships are presented in figs. 4 and 5 for
eccentrically loaded circular and square
columns. Failure modes of ail tested columns
are presented in figs. 6 and 7.

3.1. Ultimate load capacity

The ultimate load capacity is presented in
table 1 for all columns in group (1) that were
tested under concentric loads. The table also
presents the percent enhancement in the
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ultimate load capacity for columns wrapped
with CFRP sheets over those for corresponding
unwrapped columns. It can be observed from
the results that the maximum enhancement
was obtained in the case of a column having a
circular cross section (column WC compared
to C). Such maximum enhancement in the
ultimate load capacity reflects the great
efficiency of CFRP wrapping in the case of a
column with a circular cross-section. This is
because of the uniform distribution of the
confining pressure around the perimeter of the
circle that is a function of the hoop strength of
the wrapping material.

1000

800 -

600

400 -

Load

200

0

T

0 0.001 0.002 0.003 0.004 0.005

: Strain
Fig. 3. Load-strain curves for axially loaded columns.
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Fig.4. Load versus comptessive strain for circular
columng with different eccentricity ratios.
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Fig. 5. Load versus compressive strain for square columns
with different eccentricity ratios.

(b) wrapped columns

Fig. 6. Failure modes of columns tested under concentric loading.
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(a) unwrapped columns

(b) wrapped columns

Fig. 7. Failure modes of columns tested under eccentric loading.

Experimental results for columns tested under concentric loading

Column Ultimate Axial strain at Enhancement in the Increase in the axial
load (Pu) (kN) ultimate load (ecu) ultimate load (Pu) (%) strain at ultimate
load (g (%)

C 280 0.00224 - -

S 320 0.00195 - -

R1.5 470 0.00171 - 53

R2.0 650 0.00140 - =

R2.5 800 0.00120 - )

wC 480 0.00419 71 87

WS 460 0.00300 44 54

WR1.5 610 0.00233 30 36

WR2.0 800 0.00176 23 26

WR2.5 950 0.00145 19 21

However, less enhancement in the case of a column having a square cross-

ultimate load capacity was obtained in the

Alexandria Engineering Journal, Vol. 41, No. 3, May 2002

section (column WS compared to S).
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enhancement in the ultimate load capacity
decreased significantly in the case of columns
having rectangular cross section that reflects
the decrease in the efficiency of CFRP
wrapping. Furthermore, the enhancement in
the ultimate load capacity decreased with an
increase in the rectangularity ratio of the
column (columns WR1.5, WR2.0, and WR2.5
compared to columns R1.5, R2.0, and R2.5,
respectively). This significant decrease in the
efficiency of CFRP wrapping in the case of
columns having square or rectangular cross
sections is due to the variation in the
confining pressure distribution being with a
maximum value at the corners and a
minimum value between edges. The dilation
of concrete during loading results in a passive
pressure from wrapping material that causes
confinement to the cross section. The
confining pressure at the corners is due to the
membrane action in the transverse direction
of wrapping material. However, at other
points the confining pressure depends on the
flexural rigidity of wrapping material.

Table 2 shows the ultimate load capacity for
circular and square columns in group (2),
tested under eccentric loads. The table also
presents the percent enhancement in the
ultimate load capacity for columns wrapped
with CFRP sheets in comparison to those for
corresponding unwrapped columns. It should
be noted that in this case of eccentrically
loaded columns, wrapped columns were also
strengthened with another layer of CFRP
sheets at the column side far from the applied
load (tension side). Examining the results
presented in table 2, the following can be
observed: (i) the efficiency of CFRP wrapping is
greater in the case of circular columns than
that in the case of square columns; (ii) the
enhancement in the ultimate load capacity
due to CFRP wrapping decreased with the
increase in the eccentricity ratio, for both
circular and square columns; (iii) the
maximum enhancement in the ultimate load
capacity is observed in the case of least
eccentricity ratio e/h = 0.125, for both circular
and square columns. At this eccentricity ratio
a triangular compressive strain distribution
was observed with a maximum value at the
column side near to the applied load and a
value nearly equals to zero at the side far from

the applied load; (iv) as the eccentricity ratio
increased to 0.25 and 0.5, tensile strain was
observed at the column side far from the
applied load which caused a reduction in the
confining pressure provided by the CFRP
wrapping and as a result the enhancement in
the ultimate load capacity decreased
significantly especially at an eccentricity ratio
e/h = 0.5; (v} in the case of small and
moderate eccentricity ratio e/h = 0.125 and
0.25, the contribution of the CFRP wrapping
to the enhancement in the ultimate load
capacity of the column is much greater than
the contribution of the CFRP strengthening
sheet attached to the column side far from the
applied load; and (vi) in the case of higher
values of eccentricity ratio e/h = 0.5,
significant tensile strain was observed at the
column side far from the applied load which
led to a decrease in the contribution of the
CFRP wrapping to the enhancement in the
ultimate load capacity of the column and also
an increase in the contribution of the CFRP
strengthening sheet attached to the column
side far from the applied load.

3.2. Load-strain behavior and ductility

Fig. 3 shows load-axial strain relationships
for all columns in group (1), tested under
concentric loads. The effects of column cross-
sectional shape and the rectangularity ratio on
the load strain behavior are presented over the
complete range of loading up to the column
failure. It can be observed from the figure that
for all tested circular, square, and rectangular
columns, the load strain relationship is always
linear up to a certain point at which a non
linear relationship takes place up to failure.
This was observed for both cases of
unwrapped and wrapped columns. Moreover,
it is seen from the figure that as the cross
sectional area becomes larger, the strain at a
given load decreases significantly although the
ultimate load capacity increases. This can be
explained by the increase in the column
stiffness as the cross sectional area increases.
It can be also observed that the use of CFRP
wrapping results in an increase in the axial
strain at ultimate load for all tested columns
which reflects an enhancement in the column
ductility.
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E;ac;leeri?nental results for columns tested under eccentric loading
Column Eccentricity Ultimate Compressive Enhancement in Increase in

ratio (e/h) load, Pu(kN) strain at ultimate the ultimate load, the compressive strain

load (Ecu) Pu (%) at ultimate load , €cu(%)
EC0.125 0.125 200 0.00295 -- --
EC0.25 0.250 140 0.00433 -- --
ECO0.5 0.500 90 0.00548 -- -
WEC0.125 0.125 330 0.00514 65 74
WECO0.25 0.250 190 0.00610 36 41
WECO0.50 0.500 110 0.00700 22 28
"ES0.125 0.125 230 0.00257 - -
ES0.25 0.250 170 0.00314 -- -
ES0.50 0.500 110 0.00438 -- -
WESO0.125 0.125 310 0.00360 35 40
WESO0.25 0.250 210 0.00405 24 29
WESO0.50 0.500 130 0.00543 18 24

The values of axial strain at ultimate load
are presented in table 1 for all columns in
group (1), tested under concentric loads. The
table also presents the percent increase in the
strain at ultimate load for columns wrapped
with CFRP sheets over that for the
corresponding unwrapped columns. It can be
observed from the results presented in the
table that the maximum increase in the value
of the strain at ultimate load as a result of
CFRP wrapping was obtained in the case of
columns having circular cross-section.
However, less increase in the value of strain at
ultimate load as a result of CFRP wrapping is
observed in the case of columns having square
and rectangular cross-sections. Furthermore,
in the case of rectangular columns the
increase in the values of strain at ultimate
load is reduced as the rectangularity ratio
increases.

These findings about the effect of CFRP
wrapping on the axial strain at ultimate load
can be explained by the fact that the increase
in such axial strain is a function of the
volumetric change in the wrapping material.

This volumetric change depends on the lateral
strain in the wrapping material. This lateral
strain increases in the case of columns having
a circular cross-section. However, in the case
of square columns, the presence of straight
sides results in a decrease in the lateral strain
due to the stress concentration at corners.
Furthermore, in the case of rectangular
columns, the long straight sides results in a
further decrease in the lateral strain due to
the flexural behavior of wrapping material. It
should be noted that the percent increase in
the axial strain at ultimate load as a result of
using CFRP wrapping is greater than the
percent enhancement in the corresponding
ultimate load capacity, as shown in table 1.
This can be attributed to the energy
dissipation through the elongation of the
wrapping material during loading.

Figs. 4 and 5 show load-compressive
strain relationships for both circular and
square eccentrically loaded columns,
respectively. The relationships show the effect
of CFRP wrapping on the compressive strain
behavior for tested columns with different
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eccentricity ratios. It should be noted that
such compressive strain was measured at the
mid height of the column side near to the
applied load. Table 2 presents the values of
the compressive strain at ultimate load for all
columns tested under eccentric loads. The
table also presents the percent increase in the
strain at ultimate load for columns wrapped
with CFRP sheets along with CFRP
strengthening sheets at the column side far
from the applied load over that for the
corresponding unwrapped columns.

A comparison of the load strain behavior
presented in the figures for unwrapped and
wrapped circular and square columns
revealed that: (i) the compressive strain for
wrapped column is always smaller than that
for the corresponding unwrapped column up
to a load representing the ultimate load
capacity of unwrapped column; (i) comparing
the compressive strain at ultimate load for
unwrapped with that for corresponding
wrapped column it can be seen that the
presence of CFRP wrapping increased such
strain and therefore the ductility of the
column increased; (iii) this increase in the
compressive strain at ultimate load is more
significant in the case of circular columns
than that in the case of square ones; and, (iv)
the increase in the compressive strain at
ultimate load due to CFRP wrapping became
less significant as the eccentricity ratio
increased. This is because when the
eccentricity ratio increases the strain at the
column side far from the applied load becomes
a tensile one. The presence of such strain
decreases the effect of confinement.
Therefore, the increase in the strain at
ultimate load and thus the column ductility
decreased. At a high value of eccentricity ratio
e/h = 0.5 the increase in the strain at ultimate
load due to CFRP wrapping became marginal.
In this case the increase in the compressive
strain at ultimate load is only due to the
presence of the CFRP strengthening sheet at
the column face far from the applied load.

Generally, it can be concluded herein that
the efficiency of CFRP wrapping in increasing
the strain at ultimate load and hence the
column ductility is only significant in the case
of concentric loads or in the case of eccentric

loads but with a small value of eccentricity
ratio.

3.3. Failure modes

Fig. 6-a presents failure modes for
unwrapped columns tested under concentric
loads. Longitudinal cracks first formed within
the middle third of the column height. This
was followed by spalling of concrete cover.
Finally concrete crushing occurred
accompanied by buckling of longitudinal
reinforcement bars. Such buckling always
occurred within the bars unsupported length
between the stirrups. However, for columns
wrapped with CFRP sheets and tested under
concentric loads different failure modes were
observed as shown in fig. 6-b. First sounds
were heard due to concrete microcracking and
shifting of aggregates within the concrete
inside the wrapping material. As the axial
applied load further increased the confining
pressure also increased until the lateral
tensile stress in the CFRP sheets reached a
value equals to its ultimate tensile strength.
At this point, a sudden rupture of CFRP
sheets took place that resulted in a sudden
loss in the concrete confinement that led to an
explosive crushing of the concrete core. It
should be noted that for square and
rectangular wrapped columns, the rupture of
CFRP sheets was always observed at the
corner of the column. This is due to the
concentration of stresses at the corners.

Different failure modes were observed in
the case of columns tested under eccentric
loads. Fig. 7-a shows the failure modes of
unwrapped columns. For the case of small
value of eccentricity ratio e/h = 0.125, no
cracks were observed during loading at the
column side far from the load. At failure,
explosive concrete crushing occurred at the
column side near the load accompanied by
outward bucking of longitudinal reinforcement
bears. At, the column side far from the load,
two cracks were observed at failure due to the
overall buckling of column. In the case of
eccentrically loaded columns with eccentricity
ratio e/h 0.25 and 0.5, cracks formed at the
column side far from the load at loads
representing 80% and 35% of the ultimate
load capacity, respectively. As the applied
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load increases cracks became wider, especially
in the case of e/h = 0.5, until failure took
place by concrete crushing at the column side
near the load. It should be noted that the
failure was ductile in the case of e/h = 0.5.

Fig. 7-b presents failure modes for
eccentrically loaded CFRP wrapped columns.
It was observed that in the case of eccentricity
ratio e/h = 0.125, the failure mode was similar
to that in the case of concentrically loaded
columns. This is because of the linear grading
of compressive stress that covered the whole
section due to the small value of eccentricity
ratio. In the case of eccentrically loaded
columns with eccentricity ratio 0.25, the
cross-sectional stress distribution changed
and the stress at the column side far from the
load became tensile one but with a small
value. At the point when the lateral stress in
the wrapping material reached a value equals
to its ultimate tensile strength, a
simultaneous rupture was observed in both
the CFRP lateral wrapping sheets and also in
the longitudinal CFRP strengthening sheet
attached to the column side far from the load.
The rupture of CFRP sheets was accompanied
by concrete crushing at the column side near
the load but was less explosive than that in
the case of eccentricity ratio e/h = 0.125.

In the case of eccentrically loaded columns
with large eccentricity ratio e/h = 0.5, the
tensile stress at the column side far from the
load became larger which resulted in a
dramatic reduction in the confinement
induced by wrapping and led to a quick early
rupture of CFRP sheets. However, the failure
in this case was not explosive.

4. Theoretical study

The objective of the theoretical study was
to develop a reliable simplified method for
predicting the ultimate load carrying capacity
of reinforced concrete columns wrapped with
CFRP sheets and subjected to concentric
loads. The ultimate load capacity for any
reinforced concrete column subjected to
concentric load according to the definitions of
the stress-strain curves of both concrete and
steel, given by the Egyptian code of practice
[17], can be expressed in the form of;

Py = 0.67fcyA¢ +Agfy, (1)

where:

Py is the ultimate load capacity of the
column;

fou is the characteristic concrete cube
compressive strength;

fy is the yield strength of longitudinal steel
reinforcement:

Ac is the cross-sectional area of column; and

As is the area of steel reinforcement.

The presence of stirrups in the column
increases the ultimate load capacity of the
column due to the confinement provided by
the stirrups to the concrete core. The degree
of confinement provided depends on the
volumetric ratio of stirrups [16]. Introducing
the effect of confinement provided by the
stirrups, eq. (1) can be rewritten in the form
of;

Py =0.67(fey +fest)Ac + Asfy ’ (2)

where:

fest is the the increase in the concrete strength
induced by the confinement provided by the
stirrups. Such stress increase can be
expressed in the following form;

PstfystAco
R 3)
C

where:

pst is the volumetric ratio of stirrups and can
be defined as the ratio between the volume
of stirrups to the volume of concrete;

fyst is the yield strength of steel reinforcement
used for the stirrups; and

Ao is the area of concrete core located within
the stirrups.

In the case of wrapped columns, the
confinement provided by the wrapping
material results in an increase in the ultimate
load capacity of the column. In this case the
effect of internal stirrups becomes marginal
and can be ignored. The ultimate load
capacity of the column can be written in this
case in the form of;

Py = 0.67(fey +fof)Ac +Asfy , @)
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where:

fs is the increase in the concrete strength
induced by the confinement provided by the
wrapping material. Such increase in the
concrete strength is proposed herein to be
expressed in the following form;

fef = @ pg fif, (5)

where:

pr is the volumetric ratio of wrapping
material which can be defined as the ratio
between the volume of wrapping material
to the volume of concrete;

fi is the ultimate tensile strength of wrapping
material; and a = column cross-sectional
shape factor;

Using test results from the experimental
program conducted in this paper it was found
that shape factor a can be taken equals to 2.0
in the case of any column with a circular
cross-section. Also, the shape factor a can be
taken equals to 1.0 in the case of any column
having a square or rectangular cross-section.

Table 3 shows a comparison of the
ultimate load capacity obtained from the
current test program for wrapped reinforced
concrete columns and those obtained
theoretically using the proposed eq. (4).
Excellent agreement can be observed between
the experimental and theoretical results with
an error not exceeding 5%.

The proposed simplified theoretical method
developed is reliable since it takes into
account all the important parameters affecting
the ultimate load capacity of wrapped

reinforced concrete columns. These
parameters are: (i) the concrete cube
compressive strength; (i) the effect of
longitudinal steel reinforcement; (i) the

volumetric ratio of wrapping material p;; and
(iv) the column cross-sectional shape in terms
of a proposed shape factor a. Furthermore,
since the proposed method is in terms of the
volumetric ratio of wrapping material,
therefore it can be applied whether the
wrapping material covers the whole column
height or it is applied on the form of separate
strips. Also, the method can be applied for

any wrapping material since it takes into
account the tensile strength of such material.

Results not shown herein for brevity
revealed that the theoretical predictions for
the ultimate load capacity of wrapped
reinforced concrete columns obtained using
the proposed method are also in good
agreement with test results from several
experimental studies found in the literature.
The proposed method was examined for
wrapped columns having different slenderness
ratios, and the results showed the reliability of
such method in predicting the ultimate load
capacity of any column as long as it
considered to be a short one.

5. Summary and conclusions

Experimental and theoretical studeis were
conducted in this paper. The experimental
program included testing twenty two columns
in order to investigate the effect of column
cross-sectional shape and rectangularity ratio
on the effeciency of CFRP wrapping in
enhancing reinforced concrete columns
behavior. Also, the behavior of CFRP wrapped
reinforced concrete columns subjected to
eccentric loads was investigated. In the
theoretical study a simplified method was
proposed which permits predicting the
ultimate load capacity of wrapped reinforced
concrete columns with any shape. Based on
the results presented in this paper, the
following conclusions can be drawn:
1-Generally, the use of CFRP sheets in
wrapping reinforced concrete  columns
significantly enhances the column behavior
since it increases the ultimate load capacity
and also increases the strain at ultimate load
which reflects ductility enhancement.
2-The effeciency of using CFRP sheets in
enhancing column bahavior was greater in the
case of circular columns than that in the case
of square or rectangular columns. This can be
attributed to the uniform distribution of the
confining pressure around the perimeter of the
circular column. In the case of square or
rectangular column a variation in the
confining pressure distribution is found
having a maximum value at the corners and a
minimum value between edges.
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Table 3

Comparison between experimental ultimate load capacity of wrapped columns and theoretical ones from the

proposed method

Column Experimental ultimate load Theoretical ultimate load Error** (%)
capacity, (Pu)exp (KN) capacity*, (Pu)te (KN)

wC 480 490 -2

wS 460 437 5

WRI1.5 610 610 0.0

WR2.0 800 782 2

WR2.5 950 955 -0.01

* theoretical values were obtained using proposed eq.(4)

** Error = [(Pu)exp—(Pu)the] / (Pu)cxp

3- In the case of rectangular columns both the
enhancement in the ultimate load capacity
and the increase in the strain at ultimate load
as a result of CFRP wrapping decreases
significantly with an increase in the column
rectangularity ratio.

4- For both circular and square columns, the
efficiency of CFRP wrapping in enhancing
column behavior decreases with the increase
in the eccentricity ratio. This can be
explained by the fact that in the case of
eccentric load the compressive strain at the
column side far from the applied load
decreases and as the eccentricity ratio
increases such strain becomes a tensile one.
The presence of tensile strain decreases the
effect of confinement. Therefore, CFRP
wrapping can be used in the case of eccentric
loads provided that the section is completely
under compressive strain.

5- The proposed simplified theoretical method
developed is reliable since it takes into
account all the important parameters affecting
the wultimate load capacity of wrapped
columns. The method can be applied whether
the wrapping material covers the whole
column height or it is applied as separate
strips. Also, the method can be applied for
any wrapping material since it takes into
account the tensile strength of such material.
6- The proposed method is reliable in
predicting the ultimate load capacity of a
wrapped column having any slenderness ratio
as long as it can be considered to be a short

column.
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