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Abstract

This paper investigated the impact of room temperature, cyclic ponding salt water (15%), hot water of 65oC, and rapid freeze and
thaw cycles for three years on the flexural behavior of reinforced concrete beams strengthened with different configuration of CFRP
composites. Totally sixteen RC beams were casted and tested as simply supported load as four point loading with a shear span to a
depth ratio of 2.25. The investigated parameters includes mode of failure, ultimate load and corresponding deflection, yielding load
and corresponding deflection, stiffness, steel strain, concrete strain, and CFRP strain. Based on tested results, the environment
conditions had no effect (No separation or debonding) on the bond strength between CFRP composites and tension side of concrete.
After applying the load, the inelastic deformation was shown in concrete which leads to yielding of main steel reinforcement and then
compression failure of tested beams. In addition, the strengthened beams indicated a reduction in flexural stiffness and enhancement
in the ductility of the member through. Finally, the increasing of number of layers (CFRP bonded area) had a strong impact on
concrete by shelter concrete from environmental consequences and undesirable effect on the CFRP-concrete bond performance. 
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1. Introduction

The alarming deterioration of world’s infrastructure has caused

engineers to seek new ways of rehabilitating aged structures.

Corrosion of steel reinforcement is considered to be the major

cause of deterioration in concrete infrastructure facilities such as

bridges, buildings, marine and waterfront constructions, and

chemical plants. Although various solutions like epoxy coatings,

cathodic protection, increased concrete cover and polymer

concrete have been tried in the past, none of the measures have

provided long-term solutions. The construction industry is in dire

need of alternative materials to steel, which do not corrode. 

Strengthening of existing structures was being done traditionally

using methods such as concrete or steel jacketing, though these

methods are feasible and resolve the strength issue, problems

associated with them such as increase in the self weight and

member dimensions, the time required to carry out the strengthening

work is quite considerable. In situations such as a bridge on a

busy highway or in case of factories it may be difficult to take

them out of service during strengthening. The utilization of

advanced composite materials shows great potential in the area

of structural rehabilitation. Composites offer many advantages in

structural uses, such as higher strengths and lighter weights,

corrosion resistance, design flexibility that enables the creation

of large and/or complex shapes. Other factors which call for the

use of Carbon Fiber Reinforced Polymers (CFRP) composites in

the rehabilitation of structures is time and tailor ability;

strengthening techniques using CFRP composites allow for cost-

efficient retrofit option although the initial cost of CFRP

composites is higher than conventional materials. As a result,

numerous papers on various aspects related to the subject have

been published (Meier, 1982; Meier et al., 1992; Issa et al., 2005;

Issa et al., 2003).

Nabil et al. (2005) have evaluated the durability of carbon

fiber reinforced polymer strengthened concrete beams. RC

beams externally strengthened with CFRP plates and fabrics

were subjected to harsh environmental conditions, such as 100%

humidity, saltwater, alkali solution, freeze thaw, thermal expansion,

dry heat and repeated loading cycles. It was noted that the long

term exposure to humidity was the most detrimental factor to the

bond strength between the CFRP plates, fabrics and the RC

beams. To assess the efficacy of the Near Surface Mounted

(NSM) technique for the shear strengthening of concrete beams,

Wang and Li (2006) studied the performance of the CFRP

strengthened RC beams under sustained loading. They concluded

that sustaining load levels at the time of strengthening have

important influence on the ultimate strength of strengthened

reinforced concrete beams. Omrane et al. (2007) studied the
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performance of CFRP laminates when used to strengthen

damaged RC beams. The results indicate that the load capacity

and the rigidity of repaired beams were significantly higher than

those of control beam for all tested damage degrees. Mahmut

and John (2007) evaluated the durability performance of RC

beams strengthened with epoxy injection and CFRP fabrics. Test

results showed that the crack injection provided an increase in

initial stiffness for un-strengthened RC beams. An increase in

initial stiffness and ultimate strength was achieved in CFRP

strengthened RC beams. Tarek (2006) studied the load-deflection

behavior of RC beams strengthened with GFRP sheets subjected

to different environmental conditions (wet-dry normal water

wet-dry saline water and wet-dry alkaline water). The test results

carried out after 6, 12 and 24 months of exposure to different

environmental conditions, show that none of the aforesaid

environmental conditions have a noticeable influence on load-

deflection behavior of the beams. Tan et al. (2009) evaluated the

FRP-strengthened RC beams under sustained loads and weathering.

Glass FRP-strengthened RC beams were subjected to sustained

loads and placed for different periods outdoors, indoors, and in

chambers that accelerate the effects of outdoor tropical weathering

by a factor of six. The increase in deflections and crack widths

was lesser for beams with a higher FRP reinforcement ratio. The

residual flexural strength and ductility of the beams decreased

with longer weathering periods. One of the major concerns while

using FRP is its long term behavior under various environmental

conditions such as high temperature, moisture and exposure to

fire etc. In the main objective of present study is investigation of

the flexural behavior of Reinforced Concrete (RC) beams

externally strengthened with CFRP composites exposed for three

years for the following conditions: (a) room temperature, (b)

cyclic ponding in 15% salt-water solution, (c) hot-water of 65oC,

and (d) rapid freeze/thaw cycles.

2. Description of Experimental Program 

The experimental program investigated the monotonic flexural

load tests of twenty two RC beams strengthened with CFRP

composites exposed for three years for the following conditions:

(a) room temperature, (b) cyclic ponding in 15% salt-water

solution, (c) hot-water of 65oC, and (d) rapid freeze/thaw cycles.

2.1 Ingredient Properties

2.1.1 Concrete 

All the specimens were made from the same batch of normal

weight concrete and conventional fabrication and curing

techniques were used. The maximum size of coarse aggregate

was 19 mm crushed limestone. Type I Portland cement and

admixture were used for all concrete mixes. Table 1 shows the

mixture design proportions of concrete used in this study. The

concrete mix had a slump in the range of 75-125 mm. Twelve

150 × 300 mm concrete cylinders were cast along with each

group and cured in the moisture room. The compressive strength

of concrete  was determined by testing standard concrete

cylinders that were taken from the same mix batch at the time of

testing the specimens.

2.1.2 Carbon Fiber Sheets

One type of carbon fiber sheets was used in the research

program depending on the manufacturers. This type was the

carbon fiber unidirectional sheet in the form of tow sheet. The

carbon fiber products come in 500 mm. wide rolls of continuous

fiber that can be cut into appropriate lengths. The provided and

tested property of the carbon fiber tow sheet is shown in Table 2.

2.2 Reinforced Concrete Beam Details 

Twenty rectangular reinforced concrete beams, 150 × 225 mm

with a total length of 1200 mm, were cast with the reinforcement

of 2φ8 bars at the beam length for shear reinforcement for all the

specimens. The design top and 3φ12 bars at the bottom with

stirrups of φ8 at 7.5 cm center to center along choices were made

to ensure that flexural failure would occur in the beams. Four

beams were tested as control beam without strengthening and

sixteen beams strengthened with different schemes with CFRP

strips and sheets. Fig. 1 and 2 show the reinforcement and the

CFRP sheet and strips configurations for all the beams specimens. 

The CFRP sheets from Master builder were applied to three

beams after 28 days of concrete casting. The CFRP sheets of the

required length were cut and bonded to the tensile face of the

beams, in accordance with the manufacturer’s specification,

given as Appendix A. The beams were strengthened with 2/3

sheet layer of length 1200 mm (CFRP width of 100 mm), one

sheet layer of length 1200 mm (CFRP width of 150 mm), and

two sheet layers of length 1200 mm (CFRP width of 300 mm).

The number of layers of carbon fiber and the ultimate failure

load for all specimens are shown in Table 3. In the beam
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Table 1. Mixture Design Proportions of Concrete

Ingredients Mix proportions (For 1 m3)

Cement 357 Kg

Coarse aggregate 1026 Kg

Fine aggregate 645 Kg

Silica fume 18 Kg

Fly ash 71 Kg

Water 161 Kg

RB 1000 super plasticizer 90 fl oz

MB-VR Air-Entraining 15 fl oz

 at 28 days 55 MPa

Table 2. Mechanical Properties of CFRP

Property Provided amount Tested amount

Ultimate strength 4275 MPa ----

Design strength 3790 MPa 3920 MPa

Yielding modulus 228 GPa 231 GPa

Ultimate strain 0.0168 mm/mm 0.017 mm/mm

Thickness 0.165 mm 0.165 mm

f
c
′
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designation of Table 3, the first letter “B” indicates the beam

specimen. The letters: R, stands for room temperature; F, for

freeze and thaw cycles; H, for heat water tank; and S, for

ponding salt water. Finally, the letter C stands for CFRP sheet

followed by the number of layers of CFRP sheets or strips.

2.3 Freezing and Thawing Resistance 

The resistance of a concrete mixture to the freezing and

thawing cycles depends mainly on its hardened air void system

parameters and on the quality of the coarse aggregates. Freeze

and thaw beams were moist cured in a moisture room with a

temperature of 23oC and a relative humidity of 100%. After

curing, the specimens were placed in a fully automated freezing

and thawing room.

2.4 Test setup 

All specimens were tested as simply supported beams (shear

span-to-effective depth ratio (a/d) of 2.25) in a special designed

steel frame that was built in the laboratory. A hydraulic jack was

used to apply a concentrated load through a hydraulic cylinder

on a spread steel beam to produce two-point loading condition, 6

in. apart, to generate a constant moment region at mid-span.

Three types of instruments were used in the tests: LVDT, strain

gages, and load cell. Three linear Variable Differential Transformer

(LVDT) were used to monitor the vertical displacement; the

Fig. 1. Typical Layout of the Control Reinforced Concrete Beam

Fig. 2. Beam Strengthened with: (a) 2/3 Layer Tension Face CFRP

Sheet, (b) 1 Layer Tension Face CFRP Sheet, (c) 2 Layer

Tension Face CFRP Sheets

Table 3. The Details of the Beam Specimens

Group Beam Designation
Type of strengthening 

with CFRP
Ultimate load 

(kN)
Reduction percentage in ultimate 

load w.r.t room temp beams

I 
Room Temp.

BRC0 Unstrengthened (control) 169.9 ---

BRC2/3 2/3-layer Sheet 200.6 ---

BRC1 1-layer Sheet 211.3 ---

BRC2 2-layer Sheets 188.6 ---

II
Freeze and Thaw

BFC0 Unstrengthened (control) 166.8 -1.8

BFC2/3 2/3-layer Sheet 196.6 -2.0

BFC1 1-layer Sheet 202.8 -4.0

BFC2 2-layer Sheets 171.7 -9.0

III
Heat Tank Water

BHC0 Unstrengthened (control) 147.2 -13.4

BHC2/3 2/3-layer Sheet 178.8 -10.7

BHC1 1-layer Sheet 186.4 -11.8

BHC2 2-layer Sheets 167.7 -10.7

IV
Ponding Salt Water

BSC0 Unstrengthened (control) 165.0 -2.9

BSC2/3 2/3-layer Sheet 196.2 -2.0

BSC1 1-layer Sheet 198.8 -5.9

BSC2 2-layer Sheets 170.4 -9.7
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LVDT was located at mid-span, strain at steel level, and concrete

strain at the top face. For each specimen, at least two strain gages

were attached directly to the compression face and tension face

of the beams at mid-span to monitor the strain during loading; a

strain gage was also embedded inside the beam to measure the

strains in concrete at the level of steel before casting the

specimens. A load cell was used to measure the applied load

throughout the tests and a TDS 302 data acquisition system to

collect the data of the strain gages, LVDTs, and the load. During

loading, the formation of cracks on the sides of the beams were

also marked and recorded. The reinforced concrete beam test set-

up is shown in Fig. 3. 

3. Experimental Results and Discussion

3.1 Mode of Failure

After three years of various environmental conditions, the

bond strength between the concrete beams and CFRP sheets was

not affected. No signs of separation or debonding of CFRP sheets

were observed before testing. Many cracks were developed in all of

the freeze and thaw beams during the cyclic loading. In addition,

the heat tank water had stronger impact than other environmental

conditions on the concrete by showing degradation in composition

in terms of strength and durability and leads to degradation in

ultimate strength as shown in Fig. 4(a). 

All specimens were tested as simply supported beams with a

shear span-to-effective depth ratio (a/d) of 2.25 in which case the

failure is caused by a diagonal crack that forms independently of

the flexural cracks. First flexural cracking started within the

constant moment region at approximately 45 kN, 28 kN, 19 kN

and 33 kN for room temperature, rapid freeze/thaw cycles, hot-

water of 65oC, and cyclic ponding in 15% salt-water solution,

respectively. Beyond this load, cracks extended toward the top

Fig. 3. Test Set-up 

Fig. 4. Effect of Strengthening Scheme on Failure Patterns of Tested Beams: (a) Control Beams, (b) 2/3 Layer Sheet CFRP, (c) 1 Layer

Sheet CFRP, (d) 2 Layers Sheet CFRP
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fiber, and additional flexural cracking developed throughout the

beam length. At approximately 163 kN, 129 kN, 116 kN and 147

kN for room temperature, rapid freeze/thaw cycles, hot-water of

65oC, and cyclic ponding in 15% salt-water solution, respectively, a

45-deg angle shear crack developed independently of the existing

flexural cracks in the center of the shear span. With further load

increase, the crack extended both towards the support and the

load point, leading to a sudden failure.

The failure in the control beams (conventionally reinforced)

occurred by yielding of steel reinforcement followed by the

crushing of the concrete in the compression zone of the beams in

the constant moment region. As load approached failure, local

concrete crushing under the loading points was observed as

shown in Fig. 4(a). The strengthened beams failed by debonding

the CFRP sheets after yielding of the flexural steel reinforcement

(Fig. 4(b) and 4(c)) except the two layers sheets have flexure-

shear failure as shown in Fig. 4(d). Upon yielding of the steel

reinforcement, the CFRP sheets picked up more strains, and

contributed to further load carrying capacity of the beams. After

failure, the sheets dropped off and it was observed that the sheets

had adhered well to the concrete. The additional strength

provided by the CFRP sheets delayed cracking and increased the

load carrying capacity of the beams after yielding of steel

occurred. Fig. 5(a) shows the mode of failure for reinforced

concrete beams cured at room temperature and tested to failure

under static monotonic loading. Fig. 5(b) to 5(d) shows the

failure of patterns of beams exposed to severe environment

conditions which was similar to the failure of the beams cured at

room temperature and started with yielding of steel reinforcement

followed by debonding of CFRP in the constant moment region

towards one of the far ends of the beam. As load approached

failure, local concrete crushing under the loading point was

observed. Upon yielding of the steel reinforcement, the CFRP

sheets and strips picked up more strains and contributed to

further load carrying capacity of the beams. The mode of failure

of the beam strengthened with two layers CFRP sheets (BFC2

CFRP width of 300 mm) was shear-flexure failure. It is obvious

that severe environment conditions did not affect the bond

between the CFRP and concrete and no sign of separation or

debonding of CFRP sheets were observed before testing. 

3.2 Load-deflection Behavior and Ultimate Load Capacity

The flexural behavior of tested beams is represented by their

load mid-span deflection curves. The beams were subjected to an

increasing quasi-static load up to failure. The load-deflection

behavior of the strengthened beams, as with the control beams,

was linear between cracking and tensile steel yielding. Post-

yielding behavior was significantly different from the control

beams. At the load when the steel yielded in the strengthened

beams, the deflection was significantly less than the deflection of

the control beams. After the load corresponding to the first crack,

the behavior of the strengthened beams significantly changed

due to the addition of the CFRP sheets. The CFRP sheets

contributed to the load carrying capacity of the beams and

redistribution of stresses occurred thus increasing the beam’s

strength at yielding. The increase in the load continued until

Fig. 5. Typical Failure Patterns of Tested Beams: (a) Room Temperature, (b) Rapid Freeze/thaw Cycles, (c) Hot-water of 65oC, (d) Cyclic

Ponding in 15% Salt-water Solution
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failure of the CFRP sheet. In comparison with the control beams,

the load-deflection behavior of the strengthened beams was

improved by the addition of CFRP sheets as indicated by the

increase the ultimate capacity, and the decrease in the deflection

at any load level. This was shown clearly on the load-deflection

curves where, at any load, the deflections are reduced in the

beams with CFRP sheets. Fig. 6 shows the load-deflection curve

for reinforced concrete beams tested to failure under static

monotonic loading. 

The ultimate capacity of strengthened reinforced concrete

beams with 2/3 layer (BRC2/3),1 layer (BRC1), and two layers

(BRC2) of CFRP sheets for the beams cured at room temperature

was increased with respect to the control beam (BRC0N) by

18%, 24%, and 11%, respectively, as shown in Table 3. The two

layers sheets beam behavior show a sudden drop of the load

followed by a large main shear flexural crack. This behavior is

attributed to the failure of the beams by the onset of main shear

flexural crack at a load close to the observed ultimate load

without CFRP rupture. Also, inspection of Table 3 reveals that

the freeze and thaw cycles had a notable impact on the ultimate

capacity of the tested beams with a reduction of 1.8%, 2.0%,

4.0%, and 9%, for BFC0, BFC2/3, BFC1, and BFC2, respectively,

with respect to the beams cured at room temperature. In addition,

the heat tank water had stronger impact than freeze and thaw

cycles on the ultimate capacity of the tested beams with a

reduction of 13.4%, 10.7%, 11.8%, and 10.7%, for BHC0, BHC2/3,

BHC1, and BHC2, respectively, with respect to the beams cured

at room temperature. Finally, the ponding salt water had almost

the same impact as freeze and thaw cycles on the ultimate

capacity of the tested beams with a reduction of 2.9%, 2.0%,

5.9%, and 9.7%, for BSC0, BSC2/3, BSC1, and BSC2, respectively,

with respect to the beams cured at room temperature. 

3.3 Load-concrete Compression Strain Behavior 

The data collected from the strain gages at the top of the

reinforced concrete beams during the ultimate testing were

plotted versus the applied load for all reinforced concrete beams

subjected to environment condition are shown in Fig. 7. The

compression strain had a linear increase from the point of first

loading until yielding of the steel reinforcement. After yielding

of steel reinforcement the compression strains continued to

increase with a slower increase in the load. At failure of the

CFRP sheets, the load dropped and compression strains continued to

increase until yielding of the reinforced steel followed by

crushing of the concrete above the neutral axis. Inspection of Fig.

7(a) reveals that strengthened reinforced concrete beams with

Fig. 6. Load-deflection Curves of Tested Beams: (a) Room Temperature, (b) Rapid Freeze/thaw Cycles, (c) Hot-water of 65oC, (d) Cyclic

Ponding in 15% Salt-water Solution
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CFRP sheets experience more strain reduction in concrete as

compared with the control beam and had higher compression

strain at the ultimate failure. The ultimate compression strain

increases with increasing the number of CFRP sheet layers.

While the steel the BRC2 did not reach the yielding point

because failed in shear. The compression strain at the load of 90

kN for the strengthened beams with 2/3 layer (BRC2/3), 1 Layer

(BRC1), and 2 layers (BRC2) of CFRP sheets were 719, 727 and

816 micro strains (me), respectively while for the control beam

(B10NCL) the same compressive strain reached at the load 77

kN. The strengthened beams reached the compressive strain of

3200 me at higher loads than the control beam. Also, Fig. 7(b)

shows that the compressive strain in all beams exposed to rapid

freeze/thaw cycles reached the strain for concrete (2500 micro

strains) and exceeded. The ultimate compression strain increased

with increasing the number of layers of CFRP except for the

beam strengthened with two layers (BFC2) was less than the

others due mode of failure. In addition, Fig. 7(c) shows that the

compressive strain in all beams exposed to hot-water of 65oC

reached the strain for concrete (2000 micro strains) and exceeded

except 2 layers CFRP. The ultimate compression strain increased

with increasing the number of layers of CFRP except for the

beam strengthened with two layers (BHC2) was less than the

others due mode of failure. Finally, Fig. 7(d) shows that the

compressive strain in all beams exposed to cyclic ponding in

15% salt-water solution reached the maximum compression

strain for concrete (3000 micro strains) and exceeded except 2

layers CFRP. The ultimate compression strain increased with

increasing the number of layers of CFRP except for the beam

strengthened with two layers (BSC2) was less than the others

due mode of failure. 

3.4 Load-steel Tensile Strain Behavior 

The data collected from the strain gages at the steel level of the

reinforced concrete beams was plotted versus the applied load

for all reinforced concrete beams subjected to subjected to freeze

and thaw cycles are shown in Fig. 8. The strains recorded in the

tensile zone had nearly a linear relationship between load and

strain until yielding of the steel reinforcement. After yielding of

steel reinforcement the tensile strains continued to increase with

a slower increase in the load. At failure of the CFRP sheets, the

load dropped and tensile strains continued to increase until

flexural failure of the reinforced concrete beam followed by

crushing of the concrete above the neutral axis. Inspection of Fig.

8 reveals that the strengthened reinforced concrete beams with

CFRP sheets experienced more strain reduction in steel strain as

Fig. 7. Load-concrete Compressive Curves of Tested Beams: (a) Room Temperature, (b) Rapid freeze/thaw Cycles, (c) Hot-water of 65oC,

(d) Cyclic Ponding in 15% Salt-water Solution
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compared with the increasing strain in control beam. The lower

tensile strains were observed in the 2 layers CFRP reinforced

concrete beam compared with the other reinforced concrete

beams. For the strengthened beams with 2/3 layer, (BFC2/3), 1

layer (BFC1), and 2 layers (BFC2) of CFRP sheets the tensile

steel strain at ultimate load were 2100, 3350, and 400 micro

strains, respectively. This revels that the steel in 2 layers (BFC2)

not reaching the yielding point. 

3.5 Load-CFRP Tensile Strain Behavior 

The data collected from the strain gages at the bottom of the

reinforced concrete beams was plotted versus the applied load

for all reinforced concrete beams subjected to heat tank water are

shown in Fig. 9. The strains recorded in the tensile zone had

nearly a linear relationship between load and strain until yielding

of the steel reinforcement. After yielding of steel reinforcement

the tensile strains continued to increase with a slower increase in

the load. At failure of the CFRP sheets, the load dropped and

tensile strains continued to increase until flexural failure of the

reinforced concrete beam followed by crushing of the concrete

above the neutral axis. The inspection of the Fig. 9 reveals that

the strengthened reinforced concrete beams with CFRP sheets

experience more strain reduction in sheet strain as compared

with the increasing in number of layers. The lower tensile

strains were observed in strips CFRP reinforced concrete

beam compared with the other strengthened reinforced

concrete beams. For the strengthened beams with 2/3 layer,

(BHC2/3), 1 layer (BHC1), and 2 layers (BHC2) of CFRP

sheets the tensile strain at the load of 90 kN were 1300, 1200,

and 1150 micro strains, respectively. The ultimate strain of

the strengthened beams exceeded 7500 με although and

debonding the CFRP sheet at the end of testing. 

3.6 The Deflection Ductility Index

Ductility is a desirable structural property because it allows

stress redistribution and provides warning of impending failure.

For under reinforced steel concrete members the failure initiates

by yielding of the steel reinforcement, followed, after considerable

deformation at no substantial loss of load carrying capacity, by

concrete crushing and ultimate failure. This mode of failure is

ductile and is guaranteed by designing the tensile reinforcement

ratio to be substantially below ACI 318-08 (2008) requires at

least 25% below) the balanced ratio, which is the ratio at which

steel yielding and concrete crushing occur simultaneously. The

reinforcement ratio thus provides a metric for ductility, and

the ductility corresponding to the maximum allowable steel

reinforcement ratio provides a measure of the minimum

acceptable ductility.

The design of CFRP external reinforcement for flexure is

fairly rational and straightforward. It is based on Bernoulli’s

hypothesis of strain compatibility that plane sections remain

plane, which requires perfect bonding between CFRP and

concrete, and the ability of the concrete to transfer stresses to

the CFRP laminate by shear. In RC beams reinforced

internally with steel and externally with CFRP, there is

usually substantial reserve capacity at steel yielding. After the

steel reinforcement yields, the beam can still carry increasing

loads, albeit at a lower rate (with respect to deflections) than

prior to steel yielding, and the CFRP maintains elastic

behavior until failure occurs suddenly. Failure is precipitated

by CFRP debonding, rupturing, or concrete crushing. All of

these modes of failure are brittle, i.e., load capacity is reached

with little inelastic deformation. The deflection ductility

index is defined as mid-span deflection at ultimate failure

(Δu) divided by mid-span deflection at yielding of tension

steel (Δy). Table 4 summarizes the deflection ductility of all

the reinforced concrete beams and the results of the CFRP

strengthened beams are compared with control beams.

Inspection of Table 4 reveals that beams subjected to heat

tank water had the highest deflection ductility index, followed

by beams subjected to slat, freeze and thaw cycles, and cured

under the room temp. This is mainly due to the effectiveness

of the environment condition on the concrete material

composition and on the bond behavior of CFRP sheets than

the strips. Also the deflection ductility index decrease with

increasing of CFRP layers. 

Fig. 8. Load-steel Tensile Curves of Tested Beams Subjected to

Freeze and Thaw Cycles 

Fig. 9. Load-CFRP Tensile Curves of Tested Beams Subjected to

Heat Tank Water Cycles
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4. Conclusions

Based on the experimental results, the following conclusions

can be made:

1. The failure of the strengthened beams started by yielding of

steel reinforcement followed by partial rupture of CFRP

sheet or strips and finally by crushing of concrete in the

compression zone except for the beam with two layers of

CFRP sheets, had flexural-shear failure with out CFRP rup-

ture or separation. Beam failed in shear-flexure due to the

fact that shear reinforcement was not provided. Less damage

in concrete compression zone for strengthened beams was

observed in comparison with the control beam. 

2. After three years of various environmental conditions, the

bond strength between the concrete beams and CFRP sheets

was not affected. No signs of separation or debonding of

CFRP sheets were observed before testing.

3. Many cracks were developed in all of the freeze and thaw

beams during the cyclic loading.

4. Externally strengthening RC beams with CFRP sheets leads

to a substantial increase in the ductility of concrete struc-

tures. This is a result of forcing the concrete to undergo

inelastic deformation, resulting in compression failure of the

structure after yielding of steel reinforcement.

5. Members strengthened with three different CFRP sheets

indicated a reduction in flexural stiffness of the member

through the degradation of bond of CFRP sheet with con-

crete, may be inferred that some level of degradation may

also be anticipated.

6. Exposure to heat water tank 3 years reduces the ultimate

load by about 11%. This 11% reduction in the ultimate load

equates to about 53%, 46% and 68% loss of the gain of the

strength attributed to the CFRP of 2/3 Layer, 1 Layers and 2

Layers CFRP Sheets respectively. This mean that with

decreasing of number of layers the environmental exposure

had an efficient effect on concrete by protection concrete

from environmental effect and adverse effect on the bond

performance.
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