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Effect of Environmental Conditions on
Bond Strength between CFRP Laminate

and Concrete Substrate

by J.J. Myers and M. Ekenel

Synopsis:Synopsis:Synopsis:Synopsis:Synopsis:          Limited information is known about the effects of environmental conditions
during installation on quality and performance of the bond between carbon fiber
reinforced polymer (CFRP) reinforcement and substrate material. This research study
investigates the effect of surface moisture, relative humidity and temperature on the
bond strength between concrete and CFRP reinforcement. Three test methods including
a surface pull-off bond test, a surface shear-torsion bond test, and a flexural test were
used to evaluate the bond performance of the FRP fabric under various installation
conditions. Test results revealed that the high surface moisture content, extreme
humidity and extreme low temperature can be detrimental to bond strength. Although
the high temperature improved the bond strength, it is not recommended because of
decreased set-time and saturant workability. Based on the results presented in this
paper, a maximum allowable limit on surface moisture content, relative humidity, and
temperature of 4.3%, 82%, and 90oF, respectively, at installation is recommended.

Keywords: bond strength; CFRP strengthening; durability; frost effect;
moisture; temperature
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INTRODUCTION 

Because of the need to repair and retrofit deteriorating infrastructure in a rapid 

fashion, the potential market for using fiber-reinforced composites for repair is now being

realized to a greater extent in recent years. Numerous successful applications using fiber-

reinforced polymer-matrix composites in the construction industry have been reported. 

The key properties that make carbon fiber reinforced reinforcement (CFRP) materials 

suitable for structural strengthening are excellent resistance to corrosion, high strength-

to-weight ratio, and reduction in labor costs. However, one factor inhibiting greater

widespread implementation is the lack of quality control for installation. Hence, 

understanding the behavior and installation conditioning of CFRP materials is essential in

the development of quality control specifications. 

 

Because CFRP strengthening can provide additional flexural or shear reinforcement,

the reliability for this material application depends on how well they are bonded and can 

transfer stress from the concrete component to CFRP laminate. Ideally designers desire a 

CFRP laminate that is perfectly bonded to the concrete substrate. The bond strength 

between an FRP fabric and concrete influences the structural behavior of concrete 

elements strengthened with these FRP materials. Hence, the American Concrete Institute

(ACI) Committee 440.2R document requires minimum bond strength of 200 psi (1.4 

MPa) and a failure mode within the concrete substrate [ACI 440.2R-02]. A limited 

database of information exists on the effects of environmental conditions during

installation on quality and performance of the bond between the CFRP reinforcement and 

substrate material. The effect of moisture and temperature of the concrete surface on the

bond strength between concrete and CFRP reinforcement is not well understood or 

documented and therefore was investigated in this study. It was observed by many 

researchers that the presence of moisture vapor transmission or backside water ingress 

can cause air pockets under the CFRP laminate during installation. This phenomenon was

related to the vapor transmissions resulting from entrapped moisture in the concrete after

being exposed to high temperatures. Formation of air pockets prior to the full cure of the 

system will reduce the efficiency of the system and, if undetected and not properly
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treated or repaired, could cause premature failure of the system. The behavior of FRP

bonded concrete may also vary with the variation of temperature, presence of saline 

conditions, relative humidity …etc.; therefore, this study was initiated. 

LITERATURE REVIEW 

Very limited literature is currently available on the effect of environmental 

conditions on bond strength between FRP materials and concrete substrate during 

installation process. Much of the research found in available literature was related to

durability aspects. Several of these durability related references are discussed herein as 

they relate to bonded FRP-concrete substrate issues. Raiche (1998) investigated the long-

term behavior of composite materials used to reinforce concrete beams. The effects of

moisture, temperature and de-icing salts were investigated in this study. No significant 

differences were observed in elastic modulus for the composite materials before and after 

environmental exposures. The mechanical properties of the CFRP product were found to 

be less influenced by the environmental exposures than those of the GFRP product,

despite higher water absorption. The combined effect of moisture and temperature was 

more aggressive than the presence of de-icing salt for all laminates. 

 

Sen (1999) presented results from a two-year exposure study to evaluate the

durability & performance of the epoxy bond formed with concrete and carbon fiber-

reinforced polymers (CFRP) in a marine environment and also the effects of exposure on 

material properties degradation. Four different environments were studied: combined

wet/dry cycles and hot/cold cycles in 5% salt-water; wet/dry cycles in 15% salt water; 

outdoor conditions; and air-conditioned laboratory conditions. Bond degradation was 

least for outdoor exposure and greatest under wet/dry cycles which suggests that moisture

absorption by the epoxy is potentially more detrimental to bond durability where CFRP is

used for repair. The researcher noted that surface preparation and proper application of 

epoxy following recommended procedures is essential for the long-term integrity of the

CFRP/epoxy/concrete bond. The effect of freeze-thaw cycles on the bond durability 

between FRP plate strengthening and concrete was studies by Green (2000). The results 

indicated that the bond between CFRP strips and concrete is not significantly damaged by

up to 300 freeze-thaw cycles. However, Ren (2003) performed freeze-thaw tests on

concrete structures strengthened with FRP sheets and concluded that the bond strength 

between concrete and FRP sheets decreases under the freeze-thaw cycles. Miller (1999) 

studied the bond between CFRP sheets and concrete. He concluded that the bonded 

length of the CFRP sheet had no affect on the bond strength of the CFRP sheets. 

Concrete strength did not affect the bond strength.  

 

Grace (2004) reported that many researchers concluded as the long term exposure of

FRP strengthened RC beams to humidity may cause a significant decrease in their load 

carrying capacity, and even short-term exposure of CFRP to humidity may significantly 

degrade the beam strengthening system. Grace himself concluded that the most 

significant reduction was caused by long-term exposure to 100% humidity. Staunton 

(1982) notes that the moisture effectively plays the role of a resin plasticizer which 

softens the matrix and lowers the glass transition temperature; moisture has a potentially 
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degrading effect on matrix material. It was also noted that moisture absorption also 

effectively lowers the mechanical properties. The effect of aggressive environments on 

fatigue resistance of CFRP strengthened RC beams was studied by subjecting the test 

members to freeze-thaw, extreme temperature, UV light exposure, and relative humidity 

cycles before fatigue cycling under service loads (Ekenel, 2004). It was noted that all 

beams survived 2-million fatigue cycles without showing significant bond degradation 

between composite and substrate. However, significant stiffness degradation was 

observed in the conditioned specimens. Toutanji (1997) reported that the FRP

strengthened specimens subjected to wet-dry cycling showed less improvement in load

carrying capacity as compared to the specimens kept at room temperature. This was 

attributed to the degradation of the epoxy, which led to the weakening of the bond 

between concrete specimen and FRP sheets. Al-Salloum (2001) exposed glass FRP

strengthened beams to wet-dry normal water, wet-dry saline water, wet-dry alkaline, and 

high temperature environments. He concluded no significant degradation in the flexural

strength and rigidity arising out of that environmental exposure was noticed. 

RESEARCH OBJECTIVES 

This study investigated the effect of moisture and temperature of concrete surface on 

the bond strength between concrete and FRP reinforcement. This was investigated by 

varying the moisture and temperature of the concrete surface prior to FRP application. 

Surface tests in the form of pull-off and shear-torsion were conducted to evaluate the

bond performance. The bond performance in the presence of frost at the surface of the

concrete was also evaluated by surface and flexure tests. The end result was to develop

allowable limits for these environmental conditions at the time of FRP fabric installation. 

EXPERIMENTAL PROGRAM 

Test samples and material properties 

The test samples were divided into two groups: surface test samples (Type I) and 

flexural test samples (Type II). All concrete specimens had the dimensions of 6 in. x 6in.

x 24 in. (152 mm × 152 mm × 610 mm). Two #2 (0.250 mm. diameter) and two #3 

(0.375 mm. diameter) steel bars were used as tension reinforcement in Type I and Type II 

specimens, respectively. The yield strength of the steel used in Type I and Type II 

specimens was 96 and 104 psi (661.4 and 717 MPa), respectively. The compression

strengths of test specimens were measured according to ASTM C 39 at test-age and 

determined as 6,500 and 6,422 psi (44.8 and 44.2 MPa) for Type I and II, respectively.

The dimension of the CFRP fabric was 23 in. x 5.5 in. (584 mm × 140 mm), thus

covering 88% of the concrete face as illustrated in Figures 1 and 2. Systems M and T

were the two different commercially available strengthening systems used in the

experimental program. The properties of System M and T CFRP laminates are presented 

in Table 1. Type II beams were pre-cracked at 28 days after casting under 3-point 

bending to ensure flexural crack in the mid-span prior to strengthening and to be

representative of an in-service structural member. CFRP u-wraps were applied on the

ends and adjacent to the crack location on one side for flexural test specimens. The u-

wraps at the ends were applied to provide anchorage to the existing CFRP flexural
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strengthening. The u-wrap near the crack was applied to avoid duplication of 

instrumentation. The flexural test set-up is illustrated in Figure 2. 

 

Test matrix 

The test matrix contained three phases. Type I concrete beams were used for Phases I

and II of this study. Type II beams were used for Phase III of this study. The relative 

humidity (RH) and ambient temperature for all seasons for five distantly different regions

in the United States were studied to develop appropriate ranges of conditioning for study.

The regions included a hot dry location of Phoenix, Arizona, to a hot humid Houston,

Texas to an extremely cold location of International Falls, Minnesota (NCDC, 2003). 

Phase I was carried out to identify a surface moisture content level at which the bond

between concrete and FRP performed well. The surface moisture content was measured

by a commercially available calibrated moisture-meter. Table 2 shows the surface

moisture contents studied for two commercially available systems, (systems M and T).

The test specimen was first saturated in water for a minimum of 3 days until the concrete 

specimen was fully saturated. The beam was then taken out and an average moisture 

reading was recorded with the help of a calibrated moisture meter until the desired 

surface moisture level for testing was obtained. The specimen was then weighed to

correlate percent moisture content. 

 

The test matrix for phase II focused on the RH of concrete. The test specimens started at

a RH of 98% and proceeded in decreasing order of RH during installation of CFRP to 

identify a level at which the bond between concrete and CFRP performed well. Table 3 

shows the RH of the specimens at installation. This RH was maintained throughout the 

matrix hardening process. The strengthening took place in an environmental chamber 

where the RH could be precisely controlled and maintained. All specimens were brought 

to equilibrium within the environment prior to strengthening. 

 

Phase III was divided into two groups as high and low temperature, the highest and 

lowest limits were set as 120
o

F (49ºC) and 20
o

F (-7ºC), respectively. The testing program

is shown in Table 4. The high temperature specimens were conditioned in an oven at a 

constant temperature for 10 hours prior to strengthening. The low temperature specimens

were conditioned in an exterior environment for temperature ranges between 20
o

F (-7°C) 

to 40
o

F (4°C) for 10 hours prior to strengthening. 

 

Test methods 

Two types of tests were performed under surface tests category, namely, pull-off and 

shear-torsion tests. Test adhesive fixtures were applied two days after the primary

strengthening occurred. Four adhesives fixtures with 1.625 in. (41.2 mm) diameter were 

attached to the surface of the FRP with epoxy adhesive (see Figure 1). After the epoxy

cured, a core drill was used to isolate the adhesion fixture from the surrounding FRP by

drilling to a depth between 0.13 in. (3.3 mm) and 0.25 in. (6.35 mm). Next, the pull off 

test apparatus was attached to the adhesion fixture and aligned to apply tension 

perpendicular to the concrete, as illustrated in Figure 3. A constant force rate of 150 

lb/sec. (0.67 kN/sec.) was applied to the adhesion fixture and recorded until the adhesion 

fixture detaches from the surface. There are three types of possible failure modes: the
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failure of concrete in tension, failure of the epoxy glue attaching the adhesion fixture to

the FRP, or the delamination of the FRP from the concrete. The shear-type torsion test is

a relatively new method to qualify the bond strength (Myers, 2002). For the shear-torsion 

test, the torque was applied to a special probe using the torque-applying adhesive, as

illustrated in Figure 4. Torsion was applied using a calibrated torque wrench with a series 

of hinges until the failure. The torque reading at failure was recorded. The shear stress 

was calculated as τ = T/πR
3

, where T is the torque and R is the outer diameter of torsion 

disc. The average shear stress was then calculated by taking the average of all the 

readings for a respective test specimen irrespective of the mode of failures. Flexural test

were applied after pre-cracking, strengthening and conditioning the beams. The flexural

steel reinforcing in the beam was cut at the location of the crack to study the bond 

behavior of FRP (see Figure 2). Strain in the FRP fabric was observed with the aid of 

strain gauges, respectively. 

EXPERIMENTAL TEST RESULTS 

Phase I test results 

System M and T pull-off tests - The bond performance of four beams strengthened

with FRP sheets were evaluated using a pull-off test.  Each value presented is the average

of three tests. Figure 5 illustrates representative pull-off discs of the specimens as 

indicated. Figure 6 illustrates the average test results for each conditioned System M and 

T specimens and standard deviations. The System M specimen strengthened at 5.05%

moisture meter reading behaved very poorly in terms of both the failure stress and 

performance of substrate material. All of its discs had complete CFRP peeling. The 

control and 1M-3.50 specimens exhibited a good bond performance in terms of failure 

stress as well as substrate material. Similar to M specimens, the System T specimen 1T-

3.50 performed well in terms of bond behavior, which exhibited concrete failure. 

 

System M and T shear-torsion tests - The bond performance of four specimens 

strengthened with FRP sheets were evaluated using shear-torsion test. Each value 

presented is the average of three tests. Figure 7 illustrates the average test results for each 

conditioned System M and T specimens and standard deviations. Even though all System 

M discs exhibited similar bond performance in terms of failure stress; it may be noted

that the samples with lower surface moisture contents tend to have higher failure stresses. 

In addition to the failure stress, each disc was inspected in terms of where the failure

occurred; namely FRP delamination, concrete substrate failure, or some % of each. The

distribution of the failure mode was determined using a software package which enabled 

the authors to obtain a percentage of concrete and FRP from the surface tests. Only 

samples from specimen 1M-3.37, with the lowest surface moisture content, exhibited a 

complete concrete substrate failure. Specimens of 1T-4.26 and 1T-3.80 had a failure 

mode that consisted of approx. 40% FRP substrate (delamination) failure and may be

categorized as poor bond performance in terms of the failure mode. The performance of

specimen 1T-3.50 was good in terms of the average shear stress as well as the percentage

of FRP failure (29%). 
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Phase II test results 

System M and T pull-off tests - The bond performance of five beams strengthened

with System M and T FRP sheets was evaluated by using pull-off tests. Each value 

presented is the average of three tests. Figure 8 illustrates the average test results for each 

conditioned System M and T specimens. In general, the results show a trend in that the

FRP-concrete bond performance decreases as the installation relative humidity increases.

The specimen 2M-65 had optimal bond performance in terms of substrate material and 

2M-75 exhibited optimal bond performance in terms of failure stress. As for T 

specimens, it should be noted that the FRP sheet of the specimen strengthened at 98% 

installation RH peeled off completely while grinding the perimeter of the discs. Thus, it

indicated very poor FRP-concrete bond. There was a significant amount of difference in

percent FRP substrate failure between specimens strengthened at 65% RH and at 75%

RH and higher (increase from 28% to 100%). Specimen 2T-82 exhibited relatively higher 

results in terms of failure stresses. 

 

System M and T shear-torsion tests - The bond performance of five beams 

strengthened with System M and T FRP sheets was evaluated using a shear-torsion test.

Each value presented is the average of three tests. Figure 9 illustrates the average test

results for each conditioned System M and T specimens. It can be observed from the 

average stress of all the specimens that the bond performance of the specimen 2M-98 is

the poorest within all M specimens. Even though all the M specimens had partial FRP 

failure, 2M-65 showed the highest failure load. Figure 9 also illustrates the average test 

results for each conditioned System T specimen. It was observed from average failure 

stress as well as the bond performance of substrate material that the performance of FRP

with concrete is poorest at 89%, whereas the bond performance of 2T-65 in terms of 

substrate material was optimal. The results did not indicate any particular trend in terms

of failure loads; however, the percent FRP substrate failure was lower for lower humidity 

levels such as 26% for the sample 2T-65. 

 

System M and T flexural tests - The bond performance of four Type II specimens 

strengthened with System M FRP sheets at different installation RH were evaluated using

flexure tests.  Test results for this series are summarized in Table 5. As seen in this Table, 

the lower humidity sample exhibited higher failure load. The post-failure visual

inspection also showed a good bond between concrete and FRP sheet which is

demonstrated by peeling of most of the concrete cover with the sheet and the texture of

the peeled off concrete was rough and angular. Figure 10 and 11 illustrate the strain vs. 

strain gauge (SG) location diagram for the specimen 2M-65F and 2M-89F, respectively. 

Both of the graphs show a trend in which the strain value in each of the strain gauge 

increase as the load increases and distance from crack decreases. The highest load 

considered here is approximately 40-60% of the ultimate load capacity to represent the 

behavior at slightly above service loads. Figure 10 illustrates insignificant difference 

between the strain values of SG 3 and SG 4.  For a load of 3500 lb (15.6 kN), SG 3

exhibited approximately 8% strain value of SG 1 and approximately 6% strain value of 

SG 2. SG 4 exhibited strain values that were less than 30 micro-strains. All strain gauges 

of Figure 11 exhibited higher strain values than that of Figure 10. After the visual 

inspection, it was observed that the sheet of the specimen 2M-89F peeled off with less
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amount of concrete without any rough or angular texture indicating that the RH of 89% 

had a detrimental effect on the bond between FRP and concrete. Specimens 2M-82F and 

2M-75F exhibited similar behavior to 2M-89F with the exception that the sheet had more

concrete. The sheet of specimen 2M-75F resembled that of specimen 2M-82F. The 

specimen 2M-65F had FRP rupture indicating optimal bond between FRP and concrete. 

 

System T test results for this series are summarized in Table 6. As seen in this Table, 

the lowest humidity sample showed the highest flexural strength. After visual inspection

of the sheet of specimens of 2T-89F and 2T-82F, it was observed that they were peeled 

off with slight concrete cover. The sheet of specimen 2T-75F peeled off without any

concrete on it indicating poor bond performance. The specimen 2T-65F had FRP rupture 

demonstrating optimal bond between FRP and concrete. 

 

Phase III test results 

Phase III of the experimental program focused on evaluating the bond performance of 

FRP strengthened concrete at various installation temperatures (Table 4). This phase was

sub-divided into extreme high and low temperatures. The control specimens were 

strengthened and tested under ambient lab temperature of 70°F (21°C) ± 3°F (2°C). The 

reason that T specimens were not tested at all temperature levels was on the basis of bond

performance observed at 120°F (49°C) for System T and the comparative results for 

System M specimens tested at those temperatures. Concrete specimens for surface tests 

were also strengthened with FRP sheets using System M at low temperatures. Specimen 

1M-10 was the specimen designation for the one installed with a thin layer of frost 

present. System T specimens were not undertaken at a temperature of 20°F (-7°C) or in 

the presence of frost based on the observations of bond performance tests on System M 

specimens conditioned and tested under those conditions. The bond performance of FRP 

strengthened beams was not significantly affected by installation at high temperatures.

However, temperatures higher than 100°F (38°C) affected the set time and workability of 

the saturant used for the two systems investigated. The bond between concrete and FRP

sheet was evaluated by stress at failure due to an applied torque or pull-off force. The 

failure mode and distribution was also observed at failure and recorded. The bond 

performance of nine beams strengthened with System M FRP sheets was evaluated using 

pull-off test. Four beams were used for System T strengthening. Each value presented is 

the average of minimum of three pull-off tests 

 

System M and T pull-off tests - Figure 12 illustrates the average test results for each

conditioned specimen. The control specimens exhibited a complete concrete substrate 

failure. Representative pull-off disc image of a control specimen which exhibited

concrete substrate failure is illustrated in Figure 13a. The texture of the concrete substrate 

was rough and angular also representative of good bond behavior. Representative pull-off

disc image of a specimen strengthened with FRP at 10°F (-12°C) in the presence of frost

is illustrated in Figure 13b. This figure demonstrates complete debonding between the 

FRP and concrete substrate. 

 

As illustrated by failure stress level and observed visually, specimen 3M-120 illustrated

optimal FRP-concrete bond performance as the failure mode occurred in the concrete
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substrate. The texture of the concrete substrate was rough and angular also representative

of good bond behavior. The same can be mentioned for specimens 3M-105 and 3M-90 

although a slight FRP substrate failure (less 15%) was observed for some of the discs. 

Installation of FRP at 10°F (-12°C), 20°F (-7°C) and to some extent 30°F (-1°C) was 

more difficult, as the primer and saturant became thicker and its impregnation into the

fiber was more difficult. The set time of the saturant and primer clearly decreased 

although no scientific method was implemented to measure this. Certainly, low

temperature installation is not practical from this perspective withstanding direct bond 

behavior test results. Specimen 3M-30 also did not perform well in terms of substrate 

material, but did exhibit a high failure stress. Figure 12 also illustrates the average test 

results for each conditioned System T specimen. The control specimens for System T

strengthened at 70°F (21°C) exhibited a 67.7% concrete substrate failure. Each of the

discs exhibited partial concrete and FRP failure. Thus, it did not demonstrate optimal 

bond. Specimen 3T-120 exhibited optimal FRP-concrete bond performance. Each disc 

exhibited complete concrete substrate failure. Also, the texture of the concrete substrate 

was rough and angular also representative of good bond behavior. The specimen

strengthened with FRP at 30
o

F (-1°C) resulted in a partial substrate failure. In addition, it 

exhibited lower stress at failure compared to the control specimen and all other 

conditioned specimens. 

 

System M and T shear-torsion test - Figure 14 illustrates the average test results for

each conditioned System M and T specimens. Similar to the pull-off test, the control

specimens (70) exhibited a complete concrete substrate failure demonstrating optimal

bond performance in terms of substrate concrete. Specimen 3M-120 exhibited optimal 

FRP-concrete bond in terms of failure stress and a less optimal bond in terms of substrate 

material.  Specimens 3M-105 and 3M-90 had FRP as well as concrete substrate failure 

but less optimal as compared to specimen 3M-120. For the low temperature phase, higher 

FRP substrate percentages were generally observed. Specimen 3M-20 exhibited the 

poorest performance in terms of substrate material but not in terms of failure stress. The

bond performance of specimen 3M-10 in terms of substrate material was slightly better 

than 3M-20 although its performance in terms of failure stress was poor. Specimen 3M-

30 did not perform well in terms of substrate material. All the discs strengthening under

conditioning had at least a partial FRP substrate failure.  

 

As for System T specimen, all the discs exhibited a partial FRP substrate failure. The 

specimen 3T-120 exhibited less optimal bond performance in terms of failure stress when 

compared to the control specimen, but it exhibited more optimal bond performance in 

terms of substrate material.  The control specimen exhibited more optimal bond 

performance in both the failure modes. Henceforth, the test results emphasize the relative 

variability encountered with this test method. Specimen 3T-30 exhibited the poorest bond 

in terms of failure stress and in terms of substrate material. 

 

System M flexural tests - Eleven Type II specimens strengthened with FRP sheets

using System M at different installation temperatures were tested under 4-point bending. 

Average test results for this series are summarized in Table 7. Control specimen 3M-70F 

after testing is illustrated in Figure 15. The post-failure visual inspection showed a good
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bond between concrete and FRP sheet. Concrete cover was peeled off with the sheet 

demonstrating a good bond with the FRP sheet.  

 

Figure 16 illustrates the strain vs. location diagram for different specimens 

strengthened with CFRP at high temperatures and at ambient lab temperature (control 

specimen). Strain gauge 4 (SG4) for specimen 3M-120F failed. Hence a projected line

(dashed) has been plotted. At the crack location, specimen 3M-105F had developed 

approximately 100% higher strain than the control specimen 3M-70F. Specimen 3M-

120F developed approximately 40% higher strain than the control specimen. The SG2 on

the conditioned specimens developed higher strains compared to SG2 on the control 

specimen which varied from 40-80%. Strain gauge SG3 on the conditioned specimen 

developed approximately 7-10 times higher strain than the corresponding strain gauge of 

the control specimen 3M-70F. The above-mentioned results indicate less efficient bond 

for the high temperature installed specimens in terms of flexural behavior. 

 

Figure 17 illustrates the strain vs. location diagram for different specimens 

strengthened with FRP at low temperatures, at ambient lab conditions and specimen 

strengthened with frost on it. Specimens 3M-40F and 3M-70F (control) had developed 

the lowest strain when compared to other specimens at 4000 lb. The difference between

the strains developed in both the specimens was at the most 25%. Thus, it can be stated

that for specimen 3M-40F minimal degradation was observed for this system. Specimen 

3M-10F (frost) developed the highest strain from SG1 and SG2. Both the strain gauges

developed approximately 3-5 times the strain of control specimen indicating that the frost

had detrimental effect on the bond between FRP and concrete. Specimens 3M-30F and

3M-20F developed higher strain values along the monitored region compared to the 

control specimen. Thus, the low temperature had an adverse effect on the bond between

FRP sheet and concrete. Based upon the visual inspection, the sheet for 3M-120F peeled-

off with rough texture of concrete. There was a FRP rupture in specimen 3M-105F. The

sheet in specimen 3M-90F peeled off with concrete scattered over some portions of the 

sheet. The sheet in specimen 3M-70F (control) peeled off with concrete which was rough 

and angular. The quantity of concrete in the sheet of specimen 3M-70F was more than the

concrete in the sheet of specimen 3M-120F indicating that the bond performance of the 

control specimen was better than that of specimen 3M-120F. The result demonstrated that

high temperatures did not significantly affect the bond between FRP and concrete. 

 

System T flexure tests - Four Type II specimens, strengthened with System T FRP

sheets at different installation temperatures were tested under 4-point bending. Test

results for the same are summarized in Table 8. Figure 18 illustrates the strain vs.

location diagram for different specimens strengthened with FRP sheets at all kinds of 

temperatures which included high, low and room temperatures. As illustrated specimen

3T-40F developed the highest strain along the length of the sheet compared to other 

specimens. All of the low temperature specimens were maintained ± 3°F (2°C) to their 

target temperature except for specimen 3T-40F that was subjected to a shape temperature

drop of 20°F (11°C) during curing.  The high variability of temperature during the

strengthening and curing process for this specimen seemed to indicate that high

temperature variability during installation/curing at low temperature detrimentally affects 
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the bond between FRP and concrete more severely than a relatively constant temperature 

for System T. Minimal variation was seen between the strain developed in specimen 3T-

70F along the length of the sheet indicating that the temperature 30°F (-1°C) did not 

adversely affect the bond between FRP and concrete. SG1 on specimen 3T-120F 

developed approximately 15% more strain than the control specimen 3T-120F and SG2

on specimen 3T-120F developed 50% less strain than specimen 3T-120F. This indicated 

that specimen 3T-120F had a brittle failure, but the high temperature did not 

detrimentally affect the bond between FRP and concrete. Based on visual inspection, it 

was observed that specimen 3T-120F failed by FRP rupture. The sheet on control

specimen 3T-70F peeled off with rough and angular texture of concrete indicating 

optimal FRP-concrete bond. The sheet on the specimen 3T-40F peeled off without 

significant concrete on it indicating a poor bond between FRP and concrete. The sheet on 

specimen 3T-30F peeled off with more concrete than specimen 3T-40F, but less than

control specimen 3T-70F indicating less optimal bond between FRP and concrete. 

DISCUSSION & CONCLUSIONS 

Based on matched pairs statistical analysis between pull-off and shear-torsion tests 

data, a 99% confidence interval fell between 4.4 and -149.7. Since zero is within the

interval, there is insufficient evidence to conclude there is a difference between the two 

means. A graph plotted between average pull-off stress and average shear stress for all 

the tested specimens is illustrated in Figure 19. A trend line using the above data is also

plotted. As illustrated in this Figure 19-a, several of the shear-torsion tests yielded higher

test results as compared to pull-off test results. Consequently, the shear stress displayed a 

wider standard deviation compared to the pull-off stress test results. Upper and lower 

limits (y±s) were drawn around the trend line (y) on this figure using the standard

deviation (s) of overall test result and outliners were removed (Figure 19-b). As

illustrated in Figure 19-b, the R
2

 value is 0.70, which does not represent a strong 

relationship between pull-off and shear-torsion test results. 

The following can be concluded about effect of surface moisture content, relative 

humidity and temperature on the bond performance: 

• Specimens strengthened with a surface moisture content of 100% (5.05% value of

moisture-meter) resulted in extremely poor bond behavior based on disc inspection 

(FRP peeling failure) and pull-off stress at failure. 

• Specimens strengthened at a surface moisture reading of 4.3% or lower exhibited 

satisfactory bond performance based upon the calibrated moisture-meter used within

this investigation. 

• Specimen strengthened at 82% or lower relative humidity exhibited satisfactory bond

performance for the two systems investigated. 

• Specimen strengthened at 65% RH during installation exhibited the highest quality 

bond performance. This was concluded by failure disc inspection and FRP strain level 

results from the flexure tests for the two systems investigated. 

• Less optimal bond performance may be encountered when FRP is installed at a RH of

82% or above. 

• Extreme low temperature affected the bond performance of both the systems 

investigated. It has been observed that, saturant and primer became too viscous for
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proper application at extreme low temperatures. Also, high thermal changes during

curing at low temperatures indicated some detrimental affects. 

• High temperature did not significantly affect the bond in both the commercially 

available systems investigated although the workability and set time of the saturant 

was detrimentally affected above 90°F (32°C) installation temperatures. 

• It was observed that above 90°F (32°C), the set time and workability of the saturant is

negatively affected. 

 

Based on observations of the research program undertaken herein, the following 

specifications are recommended: 

• FRP should not be installed at surface moisture content readings above 4.3% using the

commercially available calibrated moisture-meter used in this study. 

• FRP sheets should not be installed at or over 82% of substrate relative humidity. 

• FRP sheets can be installed within the temperature range between 40°F (4°C) and 

120°F (49°C). Installation above 90°F (32°C) should be avoided due to set-time and 

saturant workability at high temperatures. 

• The manufacturer-recommended installation requirements should additionally be 

considered and supercede limits presented herein. 
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Figure 1 - CFRP strengthened side view of beams used for surface tests.

Figure 2 - CFRP strengthened beam used for flexural tests.
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Figure 3 - Pull-off test equipment.

Figure 4 - Application of torque using torque wrench.

Figure 5 - Representative pull-off disc for specimens (a) 1M-5.05 (b) 1M-3.50.
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Figure 6 - Pull-off test results (with standard deviations) for system M and T specimens
strengthened at various surface moisture contents (1 psi = 0.0069 MPa).

Figure 7 - Shear-torsion test results (with standard deviations) for system M and T
specimens strengthened at various surface moisture contents (1 psi = 0.0069 MPa).



1588 Myers and Ekenel

Figure 8 - Pull-off test results (with standard deviations) of system M and T specimens
(1 psi = 0.0069 MPa).

Figure 9 - Shear-torsion test results (with standard deviations) of system M and T
specimens (1 psi = 0.0069 MPa).



FRPRCS-7 1589

Figure 10 - Strain vs. location graph for specimen 2M-65F.

Figure 11 - Strain vs. location graph for specimen 2M-89F.

Figure 12 - Pull-off test results (with standard deviations) for system M and T specimens
strengthened at extreme installation temperatures (1 psi = 0.0069 MPa).
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Figure 13 - Representative Pull-off Test Disc for Specimens (a) 3M-70 (b) 3M-10.

Figure 14 - Shear-torsion test results (with standard deviations) for system M and T
specimens strengthened at extreme installation temperatures (1 psi = 0.0069 MPa).

Figure 15 - Specimen 3M-70F after testing.
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Figure 16 - Strain vs. location diagram for system M high temperature specimens.

Figure 17 - Strain vs. location diagram for system M high temperature specimens.

Figure 18 - Strain vs. location diagram for system T.
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Figure 19 - Relation between average pull-off stress versus average shear stress of
Systems M and T samples (1 psi = 0.0069 MPa) (a) rough data,

(b) data without outliners.
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