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ABSTRACT, Retrofitting of reinforced concrete elements with fibre reinforced polymers,
(FRP), wraps is one of the repair lechniques used successfully for the last few years. Previous
investigations have been concemed with the behaviour of rectanguler RC columns
strengthened by FRP wraps under axial loading. Consequently, a comprehensive study of the
different parameters offecting the seismic behaviour of RC columns is important. The
objectives of the research described in this paper are lo carry out an experimental
investipation to study the behaviour of rectangular RC columns wraped with FRP sheeis
under cyclic lateral and axial loading. The main parameters investigated in the research are:
different anchorage systems, volumetric ratio of FRP and spacing between FRP layers. Five
columns with dimensions 150x 450x2300 mm_ were tested under both cyelic lateral and axial
loading, Different recommendations are provided for the use of FRP in strengthening
rectangular columns.
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INTRODUCTION

Recently, altention has been focused on the use of fibre reinforced polymers FRP composite
materials for structural rehabilitation, If correctly used, FRP composites can result in
significant enhancement fo both ductility and strength of RC members, Also, FRP can
generally be applied while the structure is in use and with negligible changes in the member
dimensions. Several studies on various aspects related io the subject have been published
recently. The confinement of RC columns with FRP tubes, sheets and sfraps is among those
research topics considered. Most of the previous work was undertaken on small columns,
circular columns or columns subjected to axial loading only [1, 2, 5]. Rectangular columns,
with aspect ratio 1 up to 5, are commonly used for residential buildings, Conscquently, a
comprehensive study of the seismic behaviour of rectangular RC columns retrofitted by FRP
is important.

This paper investigates the performance of rectangular RC columns wrapped by FRP sheets
and subjected to a combined axial compression and cyclic flexural loading, Rectangular RC
columns of aspect ratio | to 3 were tested under constant axial load and increasing cyclic
lateral load up to failure. Carbon FRP, (CFRP) wraps were used with different volumetric
ralio, spacing and with or without anchors, The displacement duetility, strength, stiffness and
energy dissipation capacity were evalvated and compared for different techniques of
retrofitting.

TEST PROGRAM

The test program includes five specimens with rectangular cross section designated as C1 to
C35. The columns were tested horizontally under constant axial load combined with ¢yclic
lateral load. The columns have a total height of 2300 mm and a cross seetion of 150x450 mm.
It consisted of the right part of 1300 mm long and the lefi part with a length of 700 mm and a
beamn stub in the middle as shown in Fig.1. The right part of each specimen constituted the
test portion. It rcpresents a column extending from the beam-column connection 1o the point
of infliction. The beam stub, which was heavily reinforced, provided a point of application
for the lateral load. The dimensions of the beam stub were chosen so that the failure would
occur in (he column rather than at the joint. The left portion was also heavily reinforced and
provided wilh two émm Ihick steel plates, which were anchored to the specimen by steel
bolts of 16 mm diameter, in order to force hinging inta the right part and thereby reducing the
amount of instrumentation needed. The longitudinal reinforcement ratio of the columnns, .in
the right pari, was 1% and the bars were uniformly disiributed around the core perimeter,
Stirrups in the same right part were 6mm diameter bars every 150 mm with a volumetric ratio
of 0.3%. For the lefi part, stirrups were 8mm diameter bars every 100 mm. CFRP laminates
were applied to strengthen the columns C2 through C5 with different schemes. The thickness
of CFRP laminates was 0.11 mm, while its tensile strength and modulus of elasticity were
2400 MPa and 240 GPa, respectively. The characteristic compressive cube strength ‘of the
concrete after 2% days was 25 MPa while the yicld stress of the steel was 420 MPa for the
long reinforcement and 310 MPa for stirrups.

Test Specimens . '
The overall test program consists of eleven specimen:s. This paper represents the results of

only five columns, which were tesled at the time of submission of the paper. The properiies
of the tested specimens are given in Figure | and Table 1 and summarized as follows:
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I.  Specimen C1 is the reference specimen. A constant axial compression load of 0.15f,A,
was applied on the specimen up to failure. This axial compression load was kept ¢constant
for all specimens.

2. Specimen C2 was wrapped in the transverse direction with two layers of lateral CFRP
laminates of 100 mm width .The clear distance between laminates was 100 mm and the
volumetric ratio of FRP was 0.2%. :

Specimen C3 was wrapped with one CFRP layer with a FRP volumetric ratio of 0.1%.

4, Specimen C4 was wrapped with one layer of CFRP with no spacing between the layers,
The volumetric ratio of FRP was 0.2%.

5. Specimen C5 was wrapped with one layer of CFRP as for specimen C3. Steel plates of
30mm width, 190mm length, 12mm thickness and 240 MPa yield stress, were used to
anchor the lateral laminates. The plates were discontinuous, this is to investigate the steel
plates coniribulion to concrete confinement and increasing the ductility of columns,
independently from their contribution to the flexural capacity of columns

Table 1 Details of the tesled specimens

COLUMN RATIO

; SPACING WIDTH ANCHORAGE AXIAL AsfAc -
No. DIMENSIONS NO. oy (mmy  svsteM  'FE compression OF CFRP Ty
{mm) p(%)
Cl 150x450 ---- aman ann s --=- 0.15 fy 0 1.0
c2 150 x 450 2 100 100 ---- CFRP NINEN - 0.2 1.0
C3 150 x 450 1 100 100 -—-- CFRRP 0.15 f, 0.1 1.0
C4 150 x 450 1 0 00 CFRP 0.15 £, 0.2 1.0
C5 150 x 450 1 100 100 2 steel plates CFRP 0.15 f, 0.1 1.0
two layers of CFRP for C2
2 steel plate . oaw Jayer of CFRP for C3

e 200
LR 3 "ot
[
Specimen C1 Specimen C2&C3
one layer
One [aver of CFRP Sweel plates  of CFRP

S i afi
, -
700 L1x100 TN Lix1G0
300 () S0 200 .
\ t !

Specimen Cd Specimen C3

Figure | Delails of CFRP wrapping for tested columns
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CFRP sheels were wrapped after the concrele reached an age of 28 days. The wrapping
procedure included surface preparation of the columns by removing a layer of concrete of
thicknessi0 tol5 mm around the specimen at the predetermined locatons using a manual
hammer followed by a blower to remove the loose particles. Then, a suitable grout was used
in leveling the sides of the roughened locations and in rounding their sharp comers. The
epoxy adhesive resin (S&P Resin 35) was mechanically—mixed and applied evenly on the
surface using a roller. Then, the CFRP sheets were smoothly hand-laid to achieve a wrinkle-
free surface and provide a complele wrapping of the columns,

Instrumentation

Two linear variable differential transducers (LVDTs) with stroke +/- 200 mm and sensitivity
0.1 mm were mounted al the top and bottom sides of the critical section of each column
adjacent to the stub, The LVDTs were used to measure the concrete strain and the average
section curvature over 200mm length in the plastic hinge region. The lateral displacement
control sensor used in testing is a long LYDT +/-100mm stroke with 0.1mm sensitivity, The
sensor was mounted on a handling unit, which was located on the ground under the lateral
load head. Al the LVDTs were attached to the specimen using 6mimn bolts. Four electrical
strain gages were ghued on the longitudinal and transverse reinforcement of each specimen. In
addition, six electrical strain gages were glued on the CFRP sheets after cleaning and
smoothing the surface. :

Test Setup and Procedure

Two independent reaction frames were used in the testing setup, as shown in Figure 2 . The
first frame was a 2000 kN, large-scale testing double portal, open reaction frame, while the
second frame was a 3000 kN, closed, horizontal, reaction frame,

Harizontal
frame

Rigld floor

Figure 2 Schematic of test setup
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The lateral reversed cyclic displacement was applied at the stub of the beani-column joint
using a double acting hydraulic cylinder of 600 kN compression capacily and tension
capacity of 400 kN, The hydraulic cylinder was attached to the cross girder of the double
porial frame. The cylinder was equipped with a tension/compression load cell of +/- 680 kN
capacity to measure lateral load. The compression and tension lateral loads were transmitted
to the specimen by two rigid plates located at the top and bottom of the stub and tied together
with four threaded bars around the stub. The axial compression load was applied by a manual
hydraulic cylinder of 900 kN capacity. At the begmnmg of each test, the required nxial load
was applied at the target valuc and kept constant throughout the test, The reversible hydraulic
jack was used to apply an iucreasing cyclic lateral load in displacement increments according
1o the history shown in Figure 3,

60 -

40

Cycle nvmber
20 1

Lateral diaplacoment,

.49 1

-80 J
Figure 3 Nominal lateral loading history

OBSERVED BEHAVIOUR

The lateral load—displacement hysteresis loops of the control specimen are shown in Figure 4.
The ullimaie lateral load was 237.1 kN. The toad-displacement relationship was linear until
the ultimate load was achieved. Progressive drop in the strength occurred at a lateral
displacement of 4 mm. Failure load was reached at a lateral displacement of 6.75 mm. The
*specimen failed in a brittle shear failure mode. A major diagonal tension érack appeared at a
lateral load of 114.0 kN and extended up to failure as shown in Figure 5.

LATERAL LOAD, kN
g o
l
4
i

400

40 30 20 -10 0 10 20 30 49
LATERAL DIS., mm

Figure 4 Lateral load displacement of C1 Figure 5 Failure of Specimen C1
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The lateral load—displacement hysteresis loops of specimens strengthed by CFRP are shown
in Figures 6 to 9. For all the strengthed specimens a major flexural crack initially appeared at
the critical seclion adjacent to the beam stub and cxtended up to failure. Gradual decrease in
lateral load occurred after reaching the ultimate load.

No shear cracks were observed as the CFRP wraps prevented diagonal tension cracks even at
high lateral displacenent. At onset of flexure failure, crushing of concrete, buckling of the
longitudinal bars ‘and rupture of the CFRP sheets at the comers of the specimens were
observed. .

The ultimate lateral load of the wrapped specimens ranged from 1.2 to 1,46 times the strength
of the contrel column Cl. It should be noted that crushing of concrete was observed for the
entire full depth of all specimens at the critical scclion adjacent to the beam stub, however,

\ for specimen C5, crushing of concrete was limited to 100 mm of the top and bottom of the
cross sectiorn. The conerete core of C5 did not crush due to the confinement provided by the
steel plates anchorage Figures 10 and 11 show the failure mode of columns C2 and C4.

400 400 r——— T
- = A
T ] L] 1 1 1 )
E 00 ¢ G0 T
= i q - o
S o L 0 4--4-- Skt
3 ; ;;ji : :
-200 4 = 200 4--4--5 B bt REE R
E ! ﬁ .: 1 H 1 A
400 P : 0 R
-0 30 .20 -10 0 10 0 30 4D 40 30 .20 -10 0 10 20 30 4
LATERAL DS, s LATERAL DIS.mm

Figure 6 Lateral load-displacement of C2 Figure 7 Lateral load-displacement of C3
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Figure 8 Lateral load-displacement of C4 Figure 9 [Lateral load-displacement of C5

Table 2 gives the load corresponding to first cracking P, and the associated lateral

' displacement A, Also given in the table are the ultimate lateral load Py, its displacement A,

* and the ralio between the ultimate lateral load of the wrapped speciniens and the control
+column, ;
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Figure 10 Failure of Specimen C2 - Figure 11 Failure of Specimen C4

' ,

Table 2 Lateral load-displacement test results

VISIBLE CRACKING ULTIMATE LOAD

SPECIMEN LEVEL LEVEL P /( Pu o C1) Fé‘]{LélféE
Po KN Ae MM P, kN A, mm )
Cl 114.0 3.5 2371 4,04 1
c2 275.0 85 348.5 27.80 1.46 11
C3 200 48 284.8 16.09 1.20 8
cd 230 6.4 3298 1210 139 9
ol 215 5.5 319.] 11.85 134 9
ANALYSIS OF TEST RESULTS

The strength envelope, which is the relationship between the peak load at each cycle and the
corresponding displacement, is presented for the tested columns in Figure 12, The lateral
strength increases considerably for all the wrapped specimens.

The highest strength, was that of specimen C2 with two CFRP wraps, 46% higher than the. .
control column. Specimen C3, with one layer of CFRP, produced the lowest increase which
was 20% higher than the control column. This increase in the flexural strength is attributed to
the confinement provided by CFRP which resulted in an increase in the concrete strenpth and
strain. It should also be noted that the longitudinal reinforcement bars reached the strain
hardening, consequently the stress in the steel bars exceeded the yield stress leading to an
increase in the overall sirength of the retrofitied columns.

Specimen C2 also survived more cycles than all the other specimens as shown in Table 2.
The column C5 with anchored CFRP wraps had ultimate load close to C4 with zero spacing
between wraps, (34% and 19% higher than the control specimen Ct), despite lhat the CRRP
ratio was 50% less for the anchored column. The column C3 with one CFRP wrap and no
anchors, had 20% higher strength than the conirol specimen.

. 4
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Figure 12 Hysteresis loops envelope of laterat load against displacement

Yield Displacement

The yield displacement A, of an equivalent elasto-plastic system with reduced ¢racked
stiffness was calculated from the lateral load-displacement ¢urve as the comesponding
displacement at the intersection of the secant stifiness at a load level of 75% of the ultimate
lateral load and the tangent at the ultimate load. The strength envelope is used to deterinine -
the yield displacement [3].

Displacement Ductility Factor

The failure load was taken equal to 75% of the ultimate load on the descending branch on the
strength envelope and the corresponding displacement A; was computed. The displacement
ductility factor is defined as the ratio between the displacement at failure load, Ag, and the
yield displacement, Ay as given by Equation {1).

Displacement Ductility factor = Ar/dy )]
The controi column failed in a brittle shear mode ai a low ductility factor of 2.3 as shown in
Table 3. All the strengthed columns failed in a ductile mode with ductility factors more than
4.5, 1t should be noted that the satisfactory level of ductility is achieved by a minimum of
ductility factor of 3 [4]. Speeimen C2 with double layer produced the highest value of
ductitity factor (3 times that of C1).

This result highlights the role of increasing the volumelric ratio of CFRP in enhancing both
the ductility and lateral strength of the columns. If was chserved that the ductility of columns
Cd and C5 were similar despite Lhat the latter has 30% less in the CFRP wraps. The ductility
factors of C4 and CS were 2.72 and 2.25 times that of the conirol column, respectively. In
addition, the accurnulated ductility factors of the two columns were 4.39 and 4.72 times that
of the control column. This is due to the anchorage syslem used for column C5.
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Table 3 Ductility analysis and energy index

YIELD FAILURE DUCTILITY FACTOR ENERGY
SPECIMEN DISPLACEMENT, DISPLACEMENT A¢ ArlA, INDEX
A, mm mni
Cl 2.85 6.75 2,36 3.9
c2 4.40 3Lol 7.25° 2043
[0k ] 3,94 18.91 4.78 66.3
C4 4.10 26.42 6.44 1229
Cs 4,85 25.80 5.31° 114.5

Energy Dissipation

The dissipated cnergy‘ was computed for each cycle as the area enclosed by the lateral load-
displacernent hysteresis loop for the given cycle. The accumulated dissipated energy is
plotted versus the lateral displacement for the tested specimens in Figure 13,

A non-dimensional energy index based on Ehsani [5] was afso used to evaluate the energy
dissipated for the tested specimens. The index appears to be a reliable indicator of fhe
performance of columns. This is due to the fact that it accounts for the cracked stiffness, yield
load and displacement, as well as the dissipated energy of each ¢ycle. The non-dimensional
form of the index facililates the comparison of specimens of different sizes and scales.
Formulation to evalute such index is explained in [$].Conipared with the retrofitted columns,
specimen C2 possessed significantly larger energy dissipation than the other columns as it
achieved the largest index of 204. Column C3 had the lowest index of 66.
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\ Figure 13 Accumula_led energy Figure 14 Stiffness degredation
For columns up to failure load curves
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Stiffness Analysis

The cracked stiffness of each tested specimen, Ki, is ealculated for every loading eycle. The
cracked cycle stiffness is computed as the ratio of the sum of the peak tepsion and
compression loads to the sum of the corresponding tension and compression displacements as
illusirated in [1]. It can be seen from Figure 14 that the initial stiffness of all columns
including the control one was approximately the same. At high load levels, the retrofitted
columns showed higher stiffness than that of the control column. This presents a good
advantage of the CFRP wrapping technique, as the strengthed celumns will not attract more
horizontal force at low load levels during any seismic loading. Also, a close examination of
these plots indicates that the rate of sliffness deterioration of the retrofitted columns under
lerge reversed cyclic cading was lower than that of the control coluran.

CONCLUSIONS

CFRP wraps showed an excellent enhancement to the overall behavior of the columns and the
following conclusions ¢an be summarized for the studied cases:

1. All the wrapped specimens failed in a ductile flexural mode, instead of the brittle shear
mode of the original column.

2, Increasing the CFRP volumetric ratio improved the overall behaviour of the column and
increased the laleral sirength. However, it is recommended that the number of layers be
increased instead of reducing the spacing between the layers.

3. It was observed that the behaviour of columns C4 and C5 was similar although the
CFRP ratio was 50% less for column C5. This suggests that a proper choice of the
anchorage system may be more feasible than reducing the spacing between sheets.

4. Unlike the conventional techniques for column strengthening, the initial stiffness of the
retrofitted columns was similar to that of the original one.
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