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Abstract

A large capacity of columns to withstand highly loads without negatively affecting the architectural requirements is one
of the most important challenges facing the construction concept. One of the recent methods of strengthening columns is
the use of glass or carbon fiber reinforced polymers (GFRP) or (CFRP) laminates. Five experimental prototype columns
with dimensions 200x200x1200 mm for width, length and height were examined under axial compression load. The first
column specimen without any is strengthening wrapping to be considered a control specimen. The other four column
specimens strengthened by CFRP and GFRP wrapping using fully and partially confinement techniques. The
experimental results showing a good enhancement in loading capacity by 16% and 40% for partially and fully CFRP
wrapping respectively. Consequently, a slight improvement by 11% and 19% in loading capacity for column specimens
with partially and fully GFRP wrapping respectively. Also, the mechanism of failure and for strengthened columns by
CFRP or GFRP transferred to FRP rupture instead of concrete crushing. This confirmed that the fiber sheets were fully
bonded to concrete from the loading beginning up to failure. Finite element (FE) program was conducted using ANSYS
software to recognize deeply the behavior of laminates made of GFRP and CFRP.
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1. Introduction

Concrete constructions frequently demand strengthening to enhance their load-bearing capacity. This strengthening may
have been needed due to a modification in utilize that resulted in extra living loads, such as an evolution in the use of the
property from housing to publicly traded or storage spaces. design errors, building process challenges during construction,
or building rehabilitations to meet current safety codes. Columns are commonly strengthened using concrete jacketing,
steel jacketing and fiber reinforced polymer (FRP) jacketing. All of these strategies have been found to significantly
enhance the axial loading ability of columns.

1.1 Previous Research Work
Usage of confined carbon and glass fibers laminates are considered innovative ways to improve loading capacity of
columns [1-2]. For purposes of construction, square or rectangle columns are preferred and popular because they are
easier to build than circular columns.

Reinforced concrete constructions frequently need strengthening to improve their load bearing capacity [3].
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An experimental and theoretical study of twenty square reinforced concrete columns reinforced with steel jackets [4]. It
was discovered that the compressive strength of enhanced square reinforced concrete columns with a complete steel
jacket was more than double that of control columns without strengthening.

Externally wrapped fiber-reinforced polymers (FRP) have revolutionized the construction industry with their
remarkable properties, including resistance to corrosion and a high strength-to-weight ratio [5-6].

Wrapping parameters such as full wrapping, partially wrapping are used. An earlier study described an equivalent
wrapping approach [7]. A mathematical approach for predicting the moment curving response of reinforced concrete
columns limited by angles and battens, as well as validation by investigation using thirteen specimens subjected to axial
forces.

It was shown that the theoretical model also accurately anticipated the flexural and resistance actions of columns
reinforced with angles and battens. [8].

An integrated stress-strain model with varied cross-sectional concrete columns confined by FRP were provided
[9-16]. Concrete cross sections that were square, rectangular, and circular were used. A straightforward and precise model
of the equivalent corner radius ratio for circular, square, and rectangular columns was provided based on the data
currently available about the behavior of these column shapes enclosed by FRP jackets.

A modeling and monotonic axial behavior of RC circular columns required by CFRP was created. [17]. Twenty-
five reinforced concrete columns that were constrained by CFRP composites were part of the experimental program. The
diameter of the columns, the kind of material (plain or reinforced concrete), the distance between the steel hoop of the RC
columns, and the quantity of CFRP layers were the variables of the columns. Based on the experimental study, predictive
equations were developed to determine the axial or lateral failure strain of circular reinforced concrete columns jacketed
with CFRP, the maximum axial load, and the compressive strength of the confined concrete. According to the study's
conclusions, the two types of CFRP that were used demonstrated good performance, and the compressive strength of the
concrete columns increased as the number of CFRP plies increased. The models with smaller diameters had significantly
higher compression strengths than the larger ones.

Thus far, it appears that insufficient research has been done on how utilizing wrapped fiber reinforced polymers
affects the strength of short concrete columns. Thus, the purpose of this study is to examine how short columns reinforced
with advanced composite materials behave generally whether wrapped completely or partially. Consequently, whether
CFRP or GFRP laminate was better in loading efficiency and ductility of reinforced concrete short columns taking cost in
consideration as well.

2. Experimental Program
To study the impact of utilizing CFPR and GFRP sheets as a completely or partially strengthening, five columns made of
reinforced concrete were experimentally tested, with a concrete compressive strength of f.,, =34 N/mm?

2.1 Samples for Testing

The cross section of each tested column was 200 by 200 mm, with a height of 1200 mm. The specimens were separated
into two groups in addition to the control specimen: the first group consists of columns that were reinforced with CFPR
sheets and second group includes columns at which strengthened by GFRP sheets. To verify the best method for
increasing the loading capacity of reinforced concrete columns, fully and partly CFRP and GFRP sheets were selected.
Table 1 Provides information about all specimens’ reinforced concrete columns, Table 2 Provides details about each
specimen's strengthening. While Figure 1 Displays the size of the specimen and the layout of the FRP jacket, Figure 2
demonstrates all column specimens after the formation of the FRP jacket.

2.2. Mixture of Concrete and Casting

Table 3 displays the concrete mix used for grade 34 MPa. Ordinary Portland cement, natural sand, and crushed natural
dolomite material with a maximum nominal size of 10 mm were utilized to produce the concrete mixture. To preserve
their form and shape, the test specimens were vertically cast in wooden forms that were braced with battens.

Tablel Information about all specimens reinforced concrete columns
Steel Reinforcement
Specimen fcu (N/mm2) Dimensions (mm) Long. bars

Type fy (N/mm2)

C00 34 200x200x1200 4T12 mm 500 N/mm?2 6T8/m
C02
C03
C04
C05

Stirrups
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Table 2 Details about each specimen’s strengthening
Strengthening configuration

Specimen

Type Wrapping Size (mm)
CO00 Control N/A N/A
C02 CFRP Fully 1x900x1200
C03 CFRP Partially 6x900x100
C04 GFRP Fully 1x900x1200
C05 GFRP Partially 6x900x100
Table 3 Concrete mixing proportions in kg /m*
Cement Water Aggregate Sand wi/c ratio
360 180 1200 600 0.5

120 mm

100mm  100mm

120 mm

100 mum,

1200
1200
1200

1200
1200
120 mm

120 mm

120 mm

L00mm  100mm 100w

—20— lowm 10mn l0mw l0ws  Mmw 100mm

200
200

200 200 200 200 200

Coo co2 Co3 Co4 Cos

Fig. 1 Size of the specimen and the layout of the FRP jacket

T

[
Fig. 2 Specimens after the formation of FRP jacket

Concrete's characteristic compressive strength and splitting tensile strength were tested experimentally in order to
evaluate hardened concrete. When three standard cubes and cylinders were evaluated after 28 days, the average values for
compressive strength and splitting tensile strength were 34 MPa and 3.5 MPa, respectively.

2.3 Column Specimens Preparing
Wooden forms were prepared for all column specimens as presented in Figure 3(a), strain gauges with 120 ohms * 0.2
were installed for selected longitudinal and transverse steel reinforcement as shown in Figure 3(b) and Figure 3(c).
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Fig. 3 (a) Wooden forms, (b) Strain gauges for longitudinal reinforcement, (c) Strain gauges for stirrups reinforcement

Figure 4 presented sequence and procedures for preparing column specimens corner curvature to ensure the confinement
effectiveness of column areas. Also, be sure to tighten CFRP and GFRP laminates during installation, generating an
adequate overlap of at least 10 cm. All of these steps are performed to ensure the success of CFRP and GFRP bonding
throughout the experimental test, which improves the columns’ ability to withstand more loads. Consequently, mixing
resin components before placing on column specimens, placing resin bonding material on the column faces before
wrapping processes and apply pressure using a roller to ensure that the resin was absorbed from column and CFRP
laminates. The details CFRP and GFRP strengthening method for columns have been provided in an attempt to help
structural engineers to understand the processes involved in applying this type of strengthening, particularly because it has
demonstrated significant enhancement in practical tests.

| 9

.",
Lo £ (888

Fig. 4 Processing of corner curvatures and wrapping GFRP and CFRP laminates, (a) placing resin bonding material,
(b) Fully wrapping GFRP laminates, (c) Making corner curvatures, (d) Fully wrapping CFRP laminates

2.4. Method of Testing

The specimens were positioned between the steel plates and the load cell in the loading frame equipment. The data logger
system was linked to the computer along with the load cell, strain gauges, and linear voltage displacement transducer
(LVDT). For the columns made of reinforced concrete, the steel plates offer consistent bearing surfaces. A 5000 kN. load
cell recorded the load. Figure 5 illustrates a schematic depiction of the test setup.

I il
‘%‘ Jacking Load
t Specimen
. Rigid Base
b

Fig. 5 Schematic depiction of the test setup

233|Page


https://zkdx.ch/

Zhongguo Kuangye Daxue Xuebao

3. Test Results
3.1 Crack Pattern and Mode of Failure
The arrangement and design of the FRP jacket affected the crack pattern and mechanism of failure. Especially, in
specimens with fully FRP jacket, neither the original crack nor the cracking load could be seen. On the other hand,
samples with partially FRP jacket may monitored load of failure and ultimate corresponding shortening for all specimens
presented in Table 4.Consequently, the relationship between applied load and corresponding shortening for all
experimental specimens presented in Figure 6. For control specimen C00, near the top of the column head, slanted
fractures began to show as the weight rose. the number and width of the cracks increased with the increasing of the load.
Figure 7 illustrates how the concrete cover spalled off at around 92% of the column’s failure load (820kN), causing a
noticeable buckling of the longitudinal reinforcement and outer buckling in the transverse reinforcement (stirrups) on one
side. The specimen completely collapsed and crushing damage was noticed when the force reached 891.2 kN. For sample
CO02 at which the column is fully wrapped by CFPR sheets, As the load increased, the cracks eliminated because of
positive impact of CFRP wrapping, the load capacity of the specimen enhanced at which reached to 1250.5 kN with
9.05mm for axial shortening until sudden CFRP rupture occurred as presented in Figure 7.

Specimen CO03 at which partially confined by CFRP laminates, some of cracks appeared in between wrapped
CFRP as shown in Figure 7. Eventually, the cracks propagated aggressively at third upper zone of the column with load
level of 96% from failure load of the column (994kN) with monitored corresponding shortening of 11.7 mm. Mode of
failure for column specimen C04 was presented in Figure 7 at which GFRP laminates was ruptured smoothly and the load
values remain semi constant. Also, the ability of column to sustain shortening and strain in reinforcement was increased
without substantial losses in loads. For specimen C04 at which partially confined by GFRP laminates as presented in
Figure 7, the cracks aggressively propagated at the lower third part of column. Sudden rupture failure for GFRP laminates
occurred at load level of 975 kN and corresponding shortening with 8.6 mm.

Table 4 load of failure and ultimate corresponding shortening for all samples
Sample load of failure Pu (kN.) Pu/Pu (control)  Au (Shortening) (mm) AW/A control

C00 891.20 1.00 8.42 1.00
C02 1250.50 1.40 9.05 1.07
C03 1035.50 1.16 12.46 1.47
C04 1060.00 1.19 11.41 1.35
C05 973.50 111 8.65 1.03
1400 -
1200 -
I N
1000 - & T T T e
T
~~ R = ‘;. ..
£ 800 A - \
o & =
£ 600 1 > TR
. p o C00 [control]
400 — — = C02 [Fully CERP]
o C03 [partially CFRP]
2001 — - —-C04 [Fully GFRP]
, — .- — C05 [Partially GFRP]

0, .8 10 12 14 16
Shortening (mm)

Fig. 6 Load-shortening relationship for all specimens.

-~ S S

Fig. 7 Failure Mode for all examined specimens
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3.2 Strains in Longitudinal and Transverse RFT

Each specimen had two strain gauges to monitor and record the strains in longitudinal and transverse steel reinforcements.
The longitudinal strains and transverse steel reinforcement were recorded at the upper third for all column specimens.
Figure 8a shows the load versus strains in longitudinal and transverse bars of control column sample C00. The
longitudinal bar's strain was observed to have attained its maximum yielding point value of 0.0025 at a maximum load of
891.2 kN. Conversely, at the same peak load, the stirrups bar strain measurement was 0.0002. This confirms that the
number of used stirrups was sufficient to accommaodate the indirect tension resulting from direct compression. Figure 8b
represent the relation between applied load and corresponding strains in longitudinal and stirrups bars at which equal
0.0014 and 0.0003 respectively for specimen C02. Decreasing in the value of longitudinal RFT strain and didn’t reach
the yielding point confirmed the effectiveness of confinement concrete by CFRP fully jacket. So, the ability to resist
compression load increased by 40% with the negative effect of decreased ductility by 18% compared to control specimen.
Figures 8c, 8d and 8e show the relation between load and corresponding strains for longitudinal and transverse
reinforcement for specimens C03, C04 and CO5 respectively. Consequently, these column specimens behave the same as
the values of strain values for confined specimen C02. This behavior has also been explained previously.

1000 - 1400 -
2.C00 1200 A b.C02
800 4
000 1

A()OO B égoo i

2 2600 -

<2400 4 s 6

e —L itudinal Bz =400 J —
820() i ongitudina o 400 _L(')ﬂgltudll’l’dl
— — Stirrups Bar 200 1 Stirrups

() T T T 1 0 T T 1
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Strain in Bars Strain in Bars
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Fig. 8 Load versus strains in longitudinal and transverse bars for all specimens

3.3 Energy Absorption and Ductility

Ductility (D) can be described as the ability of column specimens to dissipate and absorb energy and deflection without
failure occurred which could be expressed as the proportion between the greatest and minimum values of shortening at 80
% from failure load. Consequently, energy absorption is defined as the toughness of the column specimens at which could
be calculated as the area under the curve of the load shortening relationship. Compared to control column specimen CQO0,
the ductility index decreased for specimens C02 and C03 by 19% and 26% respectively. Consequently, the maximum
load capacity enhanced by 40% and 16% respectively for the same two specimens. For specimen column C04 which fully
wrapping by GFRP sheets, the load capacity slight increased by 19% compared to control column specimen and also, the
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ductility increased by 15%. Specimen CO04 is the only experimental specimen that increased the column capacity to bear
loads without decreasing the ductility. To a large extent, energy absorption was at the same trend of ductility. However,
energy absorption has a relative different consideration because it depends on the stiffness of column specimens at which
represented by the ability of confinement concrete to resist the external loads because GFRP and CFRP sheets. Table 5
presented ductility and energy absorption for all specimens.

Table 5 Maximum load, maximum shortening, ductility index, and energy absorption for each tested column

sample code Maximum Load Maximum Shortening Ductility Index D/D Energy
(kN) (mm) (D) control Absorption

Co00 891.20 8.42 1.83 1.00 5561.50

Cco02 1250.50 9.05 1.50 0.82 6602.46

Co03 1035.50 12.46 1.34 0.74 7453.40

Co4 1060.00 11.41 2.10 1.15 8713.51

C05 973.50 8.65 1.35 0.74 4813.68

4. Numerical Analysis

4.1 Simulated of Concrete Columns

For every experimental column specimen, non-linear finite element analysis (NLFEA) with ANSYS 19 had been
performed.

4.2 Concrete and Steel RFT

The behavior of concrete was simulated using ANSYS's non-metal plasticity model Solid 65. This model takes into
account two failure mechanisms: uniaxial cracking and crushing strength [18]. Concrete is thought to have linear-elastic
tensile behavior up until the point of crack initiation, which is correlated with the uniaxial cracking strength. Concrete's
negative stiffness was defined by the crushed stiffness factor. For uniaxial compression behavior of high strength
concrete, a linear connection between stress and strain is taken into consideration up to 30% of peak strength (fc'). On the
other hand, steel RFT was simulated using Link180 axial loaded model.

4.3 Features of Laminates Made Of GFRP and CFRP
All mechanical characteristic of used CFRP and GFRP laminates get from technical data sheets of manufacturer product
data sheets which presented in Table 6.

Table 6 Manufactures reported FRP system properties

e UItimate*TensiIe Modulus of Elasticity Ruptur*e strain  Thickness per
strength £}, (MPa) E: (GPa) £y ply t; (mm)

CFRP 3500 225 0.018mm/mm 0.129

GFRP 1500 70 0.027mm/mm 0.129

5.3 D Finite Element Column Models

5.3.1 Control Column Specimen C00

In this section, 3D FE models were presented using ANSYS19 software. Figure 9(a) shows meshing for control concrete
column C00 and the modeled bearing upper and lower plates. The longitudinal and transverse reinforcement, supported
plates were presented in Figure 9(b). The upper plate was loaded by multiple points of loads to simulate the experimental
load cell, consequently, the lower bearing plate were constrained at y directions for all points. It could be noted that the
lower bearing plate also constrained in two points for x and z directions staggered with each other. This is to prevent the
column from twisting during load application so, the vertical compression applied load becomes pure without any
eccentricity as same in the experimental program. Figure 9(c) shows the pattern of crack and failure mode at which cracks
propagation confirmed that the behavior is similar to the cracks development in the practical results. This convergence in
results between numerical analysis by ANSYS and experimental gives confidence in the finite element simulation. The
load versus shortening for experimental and NLFEA presented in Figure 9(d) for specimen C03. The comparison showed
that there is a satisfied convergence between NLFEA and experimental results.

5.3.2 Column Specimen C02

In this specimen, the column was fully reinforced by CFRP laminates at which all nodes between CFRP laminates and
concrete columns were coupled at X, y and z translations and rotations. This hypothesis was based on the fact that CFRP
sheets were cohesively bonded throughout the practical loading test and these CFRP sheets didn’t desponded. Figure
10(a) shows the modelling of coupling in NLFEA, Mode of failure for CFRP jacket and crack pattern of concrete behind
CFRP jacket was presented in Figure 10(b). the crack pattern and failure mechanism confirmed that the behavior is very
close to the crack’s development in the experimental test. Figure 10(c) show the relation between load and corresponding
shortening in column CO02 at which showed differences up to 5% between experimental and NLFEA results.

5.3.3 Column Specimen CO03
Specimen CO03 deal with partially CFRP confining for concrete column as presented in Figure 11(a). The coupling model
between CFRP sheets and concrete columns was created. Figure 11(b) show crack pattern in between and behind CFRP
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laminates where the results were very close to the experimental investigations. Figure 11(c) show the relation between
load and corresponding shortening in column CO03 at which showed differences up to 5% between experimental and

NLFEA results.

5.3.4 Columns C04 and column C05
Columns C04 and column C05 were strengthened fully and partially GFRP sheets respectively as same but using GFRP

sheets instead of CFRP sheets. The results could be followed in Table 7 in which in this table, comparison between
ultimate load, shortening for experimental and FEA results were presented. Consequently, observed failure mode was

mentioned for all column samples.

1000 A

800 ~ -

600

Load (kN)
2
S
N

200 H
EXP. — —-=NLFEA

() T T T T T 1
6 10 12
Shortening (mm)

Fig. 9 NLFEA model and results for control column C00, (a) FE meshing, (b) Steel RFT, (c) Crack pattern,
(d) Experimental and NLFEA results

1% principal stresses for partially confined CFRP were presented in Figure 12(a) at which principal stresses could be an
indicator to determine if the CFRP material is failed or not. On the other hand, von misses stress presented in Figure 12(b)
which is suitable for computing the safety factor against failure. The results showed that 1% principal stresses divided by
von misses' stresses approximately equal 4%. Displacement vector sum for partially CFRP laminates also presented in

Figure 12(c).

1400 -
C
1200 A <
~ N\
1000 A g .
£ 800 A g~
— 7~
£ 600 A
™ 400 4
200 1 EXP
— — —NLFEA
() T T T T T T 1
0 2 4 Sh()(ftcning (ﬁim) 10 12 14

Fig. 10 NLFEA model for column C02 [Fully CFRP], (a) Coupling modelling, (b) Crack pattern,
(c) Experimental and NLFEA results
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Fig. 11 NLFEA model for column CO03 [Partially CFRP], (a) Partially confining, (b) Crack pattern,
(c) Experimental and NLFEA results
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Fig. 12 Major straining actions for partially CFRP laminate, (a) 1% principal stresses, (b) Von misses’ tensile strength,
(c) Displacement vector sum

Table 7 Comparison between ultimate load, shortening and failure mode for experimental and
FE results of all examined columns.
Shortening, A, (mm)

Ultimate load, Pu (kN)

Sa(t:n;ELes Results from Results of 'ID:,“ ®0)/ Results from Results of Failure Mode
experimental FE model UFEA experimental  FE model
CO00 891.20 918.00 0.97 8.42 11.05 Concrete crushing
C02 1250.50 1204.00 1.04 9.05 10.70 FRP- Rupture
Co3 103550 1000.00 1.03 12.46 14.60 CO”CFrSS C;{“Sh'”g with
- Rupture
C04 1060.00 1020.00 1.04 1141 13.20 FRP- Rupture
o5 973.50 964.40 1.01 8.65 943  Concrete crushing with

FRP- Rupture

6. Theoretical Predictions
These theoretical expectations technique will aid in the development of conclusions regarding the suitability of various
confinement CFRP and GFRP laminate configurations that are taken into consideration in this work.

6.1 ACI 440.2R-08 [19]
Strength and ductility of reinforced concrete columns can be increased by confining them with fiber-reinforced polymer
(FRP) jackets [20].

For non-circular column cross sections and wrapping with FRP jacket which provide strength enhancement
through the following equations:

PP, = 0.80[0.85f(c(Ag — Ast) + fy A (1)

Where:
Pn: Predicted ultimate loading capacity of column
Ag: gross area of column, Ast: longitudinal steel reinforcement area
fcc:  Concrete's confined characteristic strength
fy:  vyield strength of the longitudinal steel reinforcement

fee = Yrx3.3xkgxf 2
f] — ZEfr;)tfsfe (3)
D =VbZ+h? (4)
Ag (D)2
Ko =2:(7) ®)
gre = KeEpy Assume k. = 0.58 (6)
8
b\ _ ro)? by _ ro)?

N [(R)n-zro?+(5)-2ro?] oy

Ae _ 3Ag 7
Ac 1—pg (

The FRP-confined concrete's maximum compressive strain ¢..,, could be determined as following:
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0.45
Eecy = (s’cl.SO + 12k, 7 (52) ) ®)
Ecen < 0.01

Where:
fi.  Confining strength due to FRP wrapping
D: Equivalent circular cross section diameter
Ka: Confined coefficient factor
pg- Percentage of longitudinal steel reinforcement

6.2 ECP 208-2005[21]
The ultimate column capacity subjected to axial compression loads strengthened by fully or partially CFRP or GFRP
laminates could be estimated according to the following equations:

P, = 0.35fycAc + 0.67f,Ag 9)

Where:
P, : Ultimate load capacity of column
feuc: Apparent compressive strength due to wrapping
A, : Area net of concrete
fy : Yield strength of steel reinforcement
A Area of Longitudinal steel reinforcement

fone = fou [2.25 /1 +9.875:- —2.5-L — 1.25 (10)
Where:

f.u: Characteristic compressive strength
f; : Lateral confinement strength of column

Efefe
f] = Ke% (11)
_ 2nte(b+t) (12)

bt
us: Volume percentage of FRP wrapping for rectangle columns

_ (b=2rc)*+(t-2r¢)?

Ke=1 3(bxt) (1-ps)

(13)
Where:
K.: Confined effectiveness coefficient
ls: Percentage of longitudinal steel reinforcement in column
1.: Curvature radius at column corners
For partially confined concrete column, there is additional confined effectiveness coefficient along the column
height multiplied in lateral condiment strength of column.

_ 0

Ke2 -

(14)

Table 8 Comparison between ultimate load for experimental, FE results and theoretical
Expectations of all examined columns.
Ultimate load, Pu (kN)

Samples Code Results from Results from Theoretical Expectations
experimental FE model ACI 440.2R-08 ECP 208-2005

C00 891.20 918.00 738.86 627.42

C02 1250.50 1204.00 964.50 820.90

C03 1035.50 1000.00 818.04 724.80

C04 1060.00 1020.00 946.20 731.40

C05 973.50 964.40 771.25 8691.18
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7. Conclusions
Based on experimental, finite element and theoretical results for strengthening concrete columns using fully or partially
wrapped CFRP and GFRP laminates, conclusion could be presented as following:

Strength and energy absorption of reinforced concrete columns can be increased by confining them with GFRP or
CFRP jackets.
Fully CFRP wrapping for concrete columns had a great enhancement of confinement concrete at which loading
capacity level improved by 40% compared to control column specimen.
All examined strengthened concrete columns lost ductility by different ratios, except specimen C04 which fully
wrapped by GFRP laminates, ductility enhanced by 15% compared to control column specimen C0O.

Sample C05 at which partially wrapped by GFRP had a slight enhancement in loading capacity level reached
9.2% with ductility decreasing by 26%.
CFRP and GFRP jackets were more effective in the upper and lower thirds zones for strengthened short columns.
This conclusion could be confirmed by pattern of crack and failure mode for all examined samples.
Numerical analysis results were fairly satisfactory when compared to experimental results with an average of 5%
however, it exhibited principal stresses and strains within CFRP or GFRP wrapping which provided a more
comprehensive understanding for its behavior.

Theoretical expectations whether using ACI 440.2R-08 or ECP 208-2005 was conservative in calculating loading
capacity of columns in which strengthened by fully or partially CFRP or GFRP laminates.
Ultimate load capacity prediction for control column specimen without any strengthening using ECP 208-2005
was more restrained than ACI 440.2R-08 in which all obtained code values were less than experimental results by
17 % and 30 % for ACI 440.2R-08 and ECP 208-2005 respectively.
Prediction for strengthened column specimens by FRP system using ECP 208-2005 was more restrained than ACI
440.2R-08 in which all obtained code values were less than experimental results by 23 % and 35 % for ACI
440.2R-08 and ECP 208-2005 respectively.
As an extension investigation for this research, it could be modelled the shear stiffness of resin material interface
between concrete columns and composite materials.
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