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Abstract  7 

The axial strength of reinforced concrete columns is enhanced by wrapping them with Fiber 8 
Reinforced Polymers, FRP, fabrics.  The efficiency of such enhancement is investigated for columns 9 
when they are subjected to repeated lateral loads accompanied with their axial loading.  The current 10 
research presents that investigation for Glass and Carbon Fiber Reinforced Polymers (GFRP and 11 
CFRP) strengthening as well.  The reduction of axial loading capacity due to repeated loads is 12 
evaluated.   The number of applied FRP plies with different types (GFRP or CFRP) are considered as 13 
parameters in our study.   The study is evaluated experimentally and numerically.  The numerical 14 
investigation is done using ANSYS software.  The experimental testing are done on five half scale 15 
reinforced concrete columns.  The loads are applied into three stages.  Axial load are applied on 16 
specimen in stage 1 with a value of 30% of the ultimate column capacity.   In stage 2, the lateral loads 17 
are applied in repeated manner in the existence of the vertical loads.  In the last stage the axial load is 18 
continued till the failure of the columns.   The final axial capacities after applying the lateral action, 19 
mode of failure, crack patterns and lateral displacements are recorded.   Analytical comparisons for 20 
the analyzed specimens with the experimental findings are done.  It is found that the repeated lateral 21 
loads decrease the axial capacity of the columns with a ratio of about (38%-50%).  The carbon fiber 22 
achieved less reduction in the column axial capacity than the glass fiber.  The column confinement 23 
increases the ductility of the columns under the lateral loads. 24 
 25 

1 INTRODUCTION 26 

Confinement of columns is a way to enhance the axial capacity of concrete columns. Many of existing 27 
structures have a lack in reinforcement details to resist the seismic loads since they were built before 28 
the seismic code requirements are set.  Therefore; those existing structures should be upgraded to 29 
sustain any increase in stresses due to earthquakes or any lateral loads.   Numerous studies have 30 
been done about retrofitting columns against earthquakes either by traditional techniques (concrete 31 
jackets – steel jackets) [1, 2, 3, 4, 5] or by confining with Fiber Reinforced Polymer fabrics (FRP).  S. 32 
Memon et al [6] 2005, tested eight specimens under axial compression loads and cyclic lateral 33 
displacements.  The test results showed that ductility, shear and moment capacities was enhanced by 34 
retrofitting columns with GFRP wraps, also the cyclic behavior was improved with increase the 35 
number of GFRP layers.  36 
 37 
Stathis and Michael [7] 2003, presented an experimental study for retrofitting columns with concrete 38 
jacket and fiber wrapping to study the effect of jacketing under cyclic loading on lacking of lap splices.  39 
The test results showed that jacketing is a very effective way of enhancing the deformation capacity of 40 
columns.   41 
 42 
 Hamid Saadatmanesh et al [8] 1997, tested four columns up to failure under cyclic loading, then 43 
columns were repaired with FRP wraps and re-tested under simulated earthquake loading.  Results 44 
showed that both flexural strength and displacement ductility of repaired columns were higher than 45 
those of the original columns.  46 
 47 
 48 
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2 OBJECTIVE  49 

The main objective is to evaluate the reduction of the axial capacity of strengthened columns after 50 
they are subjected to repeated lateral loads.   Experimental and analytical studies are carried out on 51 
columns confined with two types of FRP fabrics.   The variable parameters utilized in our study are: 52 
the type of confinement material, carbon or glass FRP fabrics, and the number of the applied FRP 53 
plies: one or two. 54 
 55 
The behaviour of such strengthening is examined through tracing the cracks’ pattern, measuring the 56 
lateral displacements and the axial capacity of tested columns.   The loads are applied into three 57 
stages.  Axial load are applied on specimen in stage 1 with a value of 30% of the ultimate column 58 
capacity.   In stage 2, the lateral loads are applied in repeated manner in the existence of the vertical 59 
loads.  In the last stage the axial load is continued till the failure of the columns.   Then, those 60 
columns are numerically examined using a general purpose finite element program, ANSYS.    The 61 
numerical model is compared with the experimental findings.  62 
  63 

3 EXPERIMENTAL PROGRAM 64 

The experimental program is done on five half scale reinforced concrete columns.  The specimens are 65 
investigated for the axial loading capacity after applying repeated lateral loads at the top of the 66 
columns.  The columns are constructed in the RC laboratory, at Faculty of Engineering, at Matriah, 67 
Helwan University.  The experimental test program was done under lateral cycles of loading and 68 
unloading with the existence of axial load.  The specimens are detailed as:  69 

 A control specimen (without wrapping). 70 
 Two fully confined specimens with glass fiber (single and double wrapping). 71 
 Two fully confined specimens with carbon fiber (single and double wrapping). 72 

3.1  Description of the tested specimens 73 

All columns have the same cross-sectional area 74 
of 250x250 mm, the same height of 1500 mm, 75 
the same reinforcement ratio, and the same 76 
footing dimensions.  The details of the specimen 77 
reinforcement is shown in Figure 1.   Three 78 
standard cubes for each column were tested 79 
after 28 days for the material compressive 80 
strength.  The average compressive strength of 81 
the cubes is 30 MPa.  The columns are 82 
reinforced with vertical bars of 6T12.  Closed 83 
stirrups of 5R8/m are built as shown (T and R) 84 
represent steel material with yield strength of 85 
fy=360 and 240 MPa respectively.   The columns 86 
are fully wrapped with GFRP and CFRP fabrics.  87 
The specimens are divided into three categories.   88 
One column is built without fiber wrapping.  This 89 
column is used as a control specimen.  Two 90 
columns are built and then confined with glass 91 
FRP warping by one or two layers.  Similar 92 
columns are built and then confined with carbon 93 
FRP warping by one or two layers.  The details 94 
of the specimens are shown in Table 1.  95 
 96 

 97 
 98 
 99 
 100 

Figure 1: Dimension of the specimens and reinforcement 
details 
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Table 1: Details of the column specimens 101 

3.2  Properties of the used materials 102 

 103 
The used concrete mixture are designed and used for the column specimens at the faculty laboratory.   104 
Three standard cubes for each column were tested after 28 days for the material compressive 105 
strength.  The average compressive strength of the cubes is 30 MPa.  The columns are fabricated 106 
with main steel reinforcement bars having a yield strength of fy=360MPa.   The yield strength of the 107 
stirrups is 240 MPa.   The columns are wrapped with CFRP and GFRP fabrics with physical 108 
properties as shown in Table 2.  The epoxy is used as an adhesive material with properties shown in 109 
Table 3. 110 
 111 

Table 2: Physical properties of the FRP material 112 

 CFRP Fabrics GFRP Fabrics 

Product Label Sikawrap-300C Sikawrap-430G 

Product Description Unidirectional, woven carbon fiber 
Unidirectional, woven 

glass fiber 

Fabric length/roll ≥ 50 m ≥ 50 m 

Fabric width 300/600 mm 600 mm 

Density 1.82 g/cm
3
 2.56 g/cm

3
 

Fabric design thickness 0.167 mm 0.168 mm 

Tensile strength of fiber 4000 N/mm
2
 2500 N/mm

2
 

Tensile E-modulus of fiber 230000 N/mm
2
 72000 N/mm

2
 

Strain at break of fiber 1.7 % 2.7 % 

 113 
 114 
 115 
Table 3: Properties of the adhesive material 116 

 Epoxy 

Product Label Sikadur-330 

Product Description 
Sikadur-330 is a two-part, thixotropic epoxy based impregnating resin / 

adhesive 

Appearance / Colors 
Resin part A: Paste, Hardener part B: Paste 

Part A: white, Part B: grey 
Part A + Part B mixed: light grey  

Mixing Ratio 4 (Part A): 1 (Part B) 

Tensile strength 30 N/mm2 

Bond strength Concrete fracture (> 4 N/mm
2
) 

Tensile E-modulus 3800 N/mm
2
 

Strain at break of fiber 0.9 % 

Column 
Cross 
section 
(mm) 

Height 
(mm) 

Footing 
(mm) 

Column
s’ RFT 
Ratio % 

Column
s’ RFT 

Stirrups 
No. and types 
of FRP Plies 

C2 

250x250 1500 

4
0
0
x
1
0

0
0
x
4
0

0
 1.08 % 6T12 5R8/m (Closed) ---- 

C2G1 1.08 % 6T12 5R8/m (Closed) 1 Ply GFRP 

C2G2 1.08 % 6T12 5R8/m (Closed) 2 Plies GFRP 

C2C1 1.08 % 6T12 5R8/m (Closed) 1 Ply CFRP 

C2C2 1.08 % 6T12 5R8/m (Closed) 2 Plies CFRP 
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4 Test Setup   117 

All experiments have been carried out in the Faculty of 118 
Engineering – Helwan University – Mattaria Branch. 119 
Our specimens were installed on a heavy steel frame. 120 
The footing was supported on the frame as a fixed 121 
support with four steel rods, and the top of the column 122 
was set to be free. A steel cap was placed at the top of 123 
the column in order to prevent crushing beyond the 124 
load cell. Two jacks were used: vertical jack for 125 
applying vertical axial load, and horizontal jack for 126 
applying horizontal load. Each jack applied its load on 127 
a load cell which can read the load value. Figure 2 128 
shows the test set-up. 129 

4.1 Measurements 130 

Measuring the horizontal displacement: 131 

Three Linear Voltage Displacement Transducers, 132 
LVDTs, are placed along the column height at Levels 133 
(0.25, 0.5, and 0.75) of the column height. Also, 134 
additional LVDT is placed at the level of acting of the 135 
horizontal load cell as shown in Figure 2. 136 
 137 
Measuring the loads: 138 

The vertical and the horizontal loads are measured 139 
using load cells.   140 

Measuring the strains in the reinforcement bars 141 

Electrical strain gauges are attached to the vertical 142 
reinforcement bars to measure their strains.  The strain 143 
gauges type has gauge lengths of 6mm, the gauge 144 
resistance is 120.3 ± 0.50 ohm, and the gauge factor is 145 
2.12±1.0 %.  For each column four strain gauges were 146 
installed.  Two of them were placed in the column’s 147 
reinforcement just above the footing by 5 cm in the 148 
vertical direction whereas the other two gauges were 149 
placed with 20 cm in above on the same bar as shown 150 
in Figure 3.  The strain gauges are connected to a 151 
strain meter device with accuracy of 1× 10

-6
 as shown 152 

in Figure 4. 153 

4.2 Testing Procedure 154 

The testing is done in according to the following steps:  155 

1. The vertical load is applied gradually up to 30% of 156 
the ultimate axial strength of the column cross 157 
section.  Those values are calculated for each 158 
specimen considering the confinement effect.  159 
That load is kept constant during step 2 of the test.  160 

2. The horizontal load is applied after step 1 and increased gradually in cyclic mater.  In each cycle 161 
the horizontal load reaches a certain value and then it is released to return to the zero value.   162 
The maximum values for the cycles are set to (0.5, 1, 2, 4, 8 and 16) tons.  Figure 5 shows the 163 
planed repeating loading history.  The horizontal loads is applied till the loading degradation 164 
(failure condition).  165 

Figure 2: Test setup 

Figure 3: Strain Gauge locations 

Figure 4: Calibration of the strain gauges 
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3. In this step the horizontal jack is released from the specimens and the axial load is increased 166 
gradually up to failure to investigate the maximum axial loading capacity after the failure due to 167 
the repeated lateral loads. 168 

The results are recorded during the test and several items are recorded: (1) lateral and axial loads at 169 
the failure stages, (2) lateral load–displacement curve, (3) failure modes, (4) crack patterns, and (5) 170 
deformed shape.  171 

 172 

 173 
Figure 5: The horizontal loading history plan 174 

5  EXPERIMENTAL RESULTS 175 

The results of each step of testing are recorded.  The cracking pattern for each specimen is 176 
documented for step 2,3 of loading.  In addition, the relation of the load-horizontal displacement are 177 
constructed for each specimens.    178 

5.1 Cracking pattern   179 

The crack pattern is recorded at the end of step 2 where the column has lost its strength due to the 180 
lateral loads.   Also, the cracks are recorded at the end of step 3 where the axial load is applied till the 181 
axial failure of the tested column.  Figures 6 to 14 shows the cracks distributions.   182 
 183 
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Figure 6: The cracks of C2 column 
under the lateral loads 

Figure 7: The cracks of column C2 at failure 
under the ultimate axial load 
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Figure 10: The cracks of C2G1 column at failure under the 
lateral load.  Separation of the fiber is noticed. 

Figure 9: The cracks of column C2G1 at 
failure under the ultimate axial load 

Figure 11: The cracks of C2G2 column at failure 
under the lateral load.  Separation of the fiber is 
noticed 

Figure 8: The cracks of column C2G2 
at failure under the ultimate axial load 

Figure 12: The cracks of column C2C1 
at failure under the ultimate axial load 

Figure 13: The cracks of C2C1 column at failure under the 
lateral load.  Separation of the fiber is noticed 
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Figure 16: The load displacement relation for C2G2 Figure 17: The load displacement relation for C2C1 
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 259 

5.2 Load-horizontal displacement relationship (step 2 loading) 260 

The horizontal load versus the displacement at the level of the acting load is graphed for each 261 
specimen as shown in Figures 15 to 19.  It is clear that the horizontal response of each specimen is 262 
influenced by the amount of the axial loading applied on the specimens.    263 

 264 

 265 
 266 
 267 
 268 
 269 
 270 
 271 
 272 
 273 
 274 

 275 
 276 
 277 

Figure 14: The cracks of C2C2 column at failure under the lateral load.  Separation of the fiber is 
noticed at the marked area.   

Figure 18: The load displacement relation for C2 

Figure 15: The load displacement relation for 
C2G1 
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 289 
 290 
In general, the column confinement increases the ductility of the columns under the lateral 291 
loads. The increase of the number of plies slightly increases the ductility. In addition, the 292 
maximum horizontal load is measured at each cycle for the specimens during testing.  Also, 293 
the axial load is maintained constant during step 2 of testing for each test.   That axial load 294 
represent almost 30% of the calculated ultimate load for each column including the 295 
confinement effect.  Those values are shown in Table 4.     296 
 297 
  Table 4: The maximum recorded horizontal load for each cycles 298 

Specimen Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
Max Hz 

load 

Axial app.  
Load  

(step 2) 

C2 0.494 1.064 2.223 4.047 6.175 
Test 
end 

6.175 30.7 

C2G1 0.503 1.024 2.19 3.7 
Test 
end 

Test 
end  

3.700 38.5 

C2G2 0.592 0.994 2.036 4.007 
Test 
end 

Test 
end  

4.007 39.9 

C2C1 0.526 1.065 2.089 4.232 8.057 8.803 8.803 43.4 

C2C2 0.538 1.112 2.012 4.09 8.169 9.916 9.916 52.4 

 299 
From the above relations one can notice that the confinement of the samples has improved 300 
the ductility criteria since the lateral displacement is increased. That is shown for the 301 
specimens with 2 plies have more displacements than specimens with one ply by 18% and 302 
29% for glass and carbon fiber consequently.    303 
 304 

5.3 Column axial Capacity (step 3 loading) 305 
 306 

The horizontal repeated loads were applied on specimens till load degradation.   In step 3, 307 
the horizontal loads are removed and then the axial load is increased till failure of the 308 
specimens.   The maximum values of that axial load is compared with the calculated nominal 309 
value of the axial strength of such section without any lateral loads’ history.  That is shown in 310 
the Figure 20.  That figure shows that the axial capacity has lost about 50% of their nominal 311 
axial strength.  You may notice that specimens confined with CFRP layers have the least 312 
reduction. 313 
 314 

Figure 19: The load displacement relation for C2C2 



 

9 
 
 
 

 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 

6 NUMERICAL INVESTIGATION 329 

The general purpose finite element program is utilized in our study.  The experimented specimens are 330 
modeled and tested in the same procedures as they are tested.  The concrete material is modelled 331 
using element SOLID 65.  The element is defined by eight nodes having three degrees of freedom at 332 
each node: translations in the nodal x, y, and z directions. The solid is capable of cracking in tension 333 
and crushing in compression. The FRP material is modeled using SOLID185, see Figures (21 to 24).   334 
In addition, the reinforcement bars are modeled using element link180.  The element is defined by 335 
eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z 336 
directions.  The layered composite specifications including layer thickness, material, orientation, and 337 
number of integration points through the thickness of the layer are specified via shell element.  338 
CONTA173 is used to represent contact and sliding between 3-D solid element and a deformable 339 
surface.  This element has three degrees of freedom at each node: translations in the nodal x, y, and 340 
z directions. The following figures illustrates the meshing and the reinforcement details.  341 
  342 

7 RESULTS OF THE NUMERICAL STUDY 343 

7.1 Lateral strength of the models (step 2 of loading) 344 

 345 
The vertical loads in addition to the horizontal load history is applied to the numerical models as done 346 
for the experimented specimens.  The application continue until degradation of the horizontal 347 
strength. Then after the axial load is applied till failure of the models.  Table 5 shows the maximum 348 
horizontal forces for the experimented specimens and the numerical models. It is noted that the 349 
experimental results with the numerical models are in good agreement.   350 

Figure 20: maximum axial loads after step 3 of loading 
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SOLID65 

Link180 

Figure 23: Finite Element Model for Unconfined Column 

Figure 24: Finite Element Model for confined Column 
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Layered 

Structural Solid 
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Figure 22: Solid 185 element 
Figure 21: Solid 65 element 

Figure 22: Link 180 element Figure 23: CONTA173 
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 385 
Table 5: Lateral Capacities of Columns from ANSYS (PhANS) and Experiment (PhEXP) 386 

Column 

Pv,  

Axial app.  Load  

(step 2) (ton) 

Loaded horz. 

till cycle no 

PhANS 

 (ton) 

PhEXP  

(ton) 
PhANS/PhEXP 

C2 30.7 5 6.065 6.175 98% 

C2G1 38.5 4 3.990 3.700 108% 

C2G2 39.9 4 4.000 4.007 100% 

C2C1 43.4 6 7.800 8.803 89% 

C2C2 52.4 6 7.870 9.916 79% 

7.2 Axial strength of the models (step 3 of loading) 387 

The maximum axial load is measured at failure (at the end of step 3 of loading) and presented for all 388 
specimens in the Table 6.  It is noted that the experimental results with the numerical models are in 389 
good agreement.  Figure 27 shows the axial strength of specimens with lateral repeated load history.  390 
Those values are compared with the values calculated from the ANSYS model.  Good agreement is 391 
found between the numerical and the experimental findings.  The variation was in the range of (2%-392 
10%) whereas the ANSYS values are always higher.  Also, the maximum nominal strength for the 393 
specimens is calculated and compared with the ANSYS findings.  Those values are close.  394 
 395 

Table 6: Axial Capacities of Columns from ANSYS (PANS) and Experiment (PEXP) 396 

Column PvANS (ton) PvEXP (ton) PvANS/PvEXP 

C2 90.13 84.56 1.07 

C2G1 110.1 101.29 1.09 

C2G2 152 138 1.101 

C2C1 135.1 131.87 1.02 

C2C2 170 165 1.03 

 397 

 398 
Figure 25: Axial strength values for specimens with and without repeated horizontal loading history  399 

8
4

.5
6

 

1
0

1
.2

9
 

1
3

8
 

1
3

1
.8

7
 

1
6

5
 

9
0

.1
3

 

1
1

0
.1

 

1
5

2
 

1
3

5
.1

 

1
7

0
 

1
7

0
.9

 

2
0

7
.7

 

2
3

8
.9

 

2
2

6
.3

 

2
7

0
.1

 

1
9

5
.6

 

2
2

2
.5

 

2
3

0
 

2
4

8
 

2
5

9
 

0 

40 

80 

120 

160 

200 

240 

280 

320 

C2 C2G1 C2G2 C2C1 C2C2 

A
x
ia

l 
C

ap
ac

it
y
 (

to
n
) 

Axial capacity after applying the repeated lateral load experimentally 

Axial capacity after applying the repeated lateral load by ANSYS 

Nominal calculated axial capacity without applying any lateral action 

Maximum axial capacity without applying any lateral action by ANSYS 



 

12 
 
 
 

7.3 Cracking Patterns 400 

 Unconfined Column 401 

Figure 28 illustrate the crack patterns occurred in concrete for the unconfined columns due 402 
to both lateral and axial loads.  There is a match for the crack pattern found in the numerical 403 
models with the experimental outcomes all over the loading stages.  404 
 405 

            406 

 407 

 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 Confined Columns 425 

 426 
It should be noted that the crack patterns obtained 427 
from ANSYS for the confined columns is able to 428 
simulate the cracks occurred in the concrete under 429 
the FRP laminates.  That is not appear on the photos 430 
taken from the experimental tests because of 431 
confinement obstruction.  Therefore, the crack 432 
patterns obtained from ANSYS for the confined 433 
columns covers larger area than the experimental 434 
specimens as shown in Figure 29. 435 
 436 
 437 
 438 
The separation of fiber from concrete surface which is occurred in the experimental tests at 439 
the lower third of column in the compression zone.  That is notice also in ANSYS models.  440 
That is due to simulating the epoxy material by contact element model as shown in Figure 441 
(30). 442 
 443 
 444 
 445 
 446 
 447 
 448 

Tension 

Cracks Tension 

Cracks 

Cracks below 

the Steel Cap 

Figure 26: Crack Pattern for Unconfined Column 

Figure 27: Crack Pattern for Confined Columns 
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 449 
     450 

 451 

 452 

 453 

 454 

 455 

  456 

7.4 Lateral Load – Displacement Curves 457 

Comparison of the lateral-load-displacement curves for all specimens from the tests and 458 
ANSYS models are presented in the Figures 31-35. 459 
 460 
 461 
 462 
 463 
   464 
 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

Figure 28: Separation of FRP at the Bottom of Confined Columns 

Figure 29: Comparison for Ph – Displacement Curve for C2 

Figure 30: Comparison for Ph – Displacement Curve for C2G1 
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 516 

Figure 31: Comparison for Ph – Displacement Curve for C2G2 

Figure 32: Comparison for Ph – Displacement Curve for C2C1 

Figure 33: Comparison for Ph – Displacement Curve for C2C2 
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 517 

From the above figures one can notice that the experimental and the numerical findings are in good 518 
agreements.   Then the numerical model is valid and give a reasonable results and can be used for 519 
further studies with anther parameters. 520 

8 CONCLUSION 521 

1. It is found that the repeated lateral loads decrease the axial capacity of the columns with a ratio of 522 
about (38%-50%).   523 

2.  The carbon fiber achieved less reduction in the column axial capacity than the glass fiber.  524 
3.  In general, the column confinement increases the ductility of the columns under the lateral loads. 525 
4. The increase of the number of plies slightly decreases the reduction in axial capacity due to 526 

applying repeated lateral load. 527 
5. Good agreements are achieved between the experimental and analytical models.  Simulating the 528 

epoxy material with contact element on the numerical models leads to a realistic performance for 529 
the numerical model compared with the real experimented columns.  530 
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