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Abstract: Externally bonded carbon-fiber-reinforced polymer (CFRP) composites are increasingly being used for repair of concrete
infrastructure. Both the mechanical performance and the long-term durability of such a repair have resulted in a significant body of research.
However, polyurethane-based composites for concrete repair have seen only limited treatment to date. This paper investigates the effect of
seven different environments on the durability and failure modes of two different wet lay-up CFRP systems applied to flexural reinforcement
of concrete: a two-part epoxy and a preimpregnated, water catalyzed polyurethane with aromatic chemistry as a matrix. Durability of con-
crete, CFRP laminates, and small-scale CFRP-strengthened concrete flexural beams was investigated for each duration (125, 250, and 365
days) and accelerated conditioning environment. Inverse analysis with a numerical model was used to develop conditioned bond–slip models
for each composite system. Results and failure modes of control and conditioned specimens showed that degradation of CFRP-strengthened
beams was controlled by the conditioned concrete tensile strength and bond cohesive energy in the epoxy and polyurethane systems,
respectively. DOI: 10.1061/(ASCE)CC.1943-5614.0001132. © 2021 American Society of Civil Engineers.
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Introduction

Fiber-reinforced polymer (FRP) composites have been qualified as
an option for infrastructure strengthening owing to desirable prop-
erties such as high stiffness-to-weight ratio, high strength-to-weight
ratio, easy on-site installation, and corrosion resistance. The adhe-
sive layer is responsible for the stress transfer between concrete and
FRP laminate in external strengthening. Therefore, the bond be-
tween concrete and FRP laminate is essential in characterizing
member capacity and behavior. Civil infrastructure systems are
continuously exposed to environments such as moisture, saltwater
solution, ultraviolet light, etc., and hence bond properties and be-
havior may change over time, in addition to degradation of the con-
crete and laminate themselves. Bond durability is defined as the
ability to resist cracking, oxidation, chemical degradation, delami-
nation, and damage effects from foreign objects for a specified time
duration under specified load and environments (Karbhari et al.
2003).

A significant body of research exists on the behavior of epoxy
(EP)-based composites, both for understanding of mechanical
properties, and the corresponding durability. Many durability stud-
ies and synthesis documents (Karbhari et al. 2003; Boer et al. 2013)
have focused on investigating the durability of the externally
bonded (EB) FRP composites under environmental conditioning.
Exposure to water or alkaline solutions, particularly in the presence
of temperature variations, have been demonstrated to be detrimen-
tal to many EP–FRP systems studied (Cromwell et al. 2011).

For carbon-fiber-reinforced polymer (CFRP)-strengthened con-
crete members, the major constituents (fiber, matrix, adhesive/
bond, and concrete) have different durability profiles when investi-
gated independently. Carbon fibers in particular have exhibited lit-
tle degradation under environmental conditioning (Saadatmanesh
et al. 2010; Sciolti et al. 2010) where only 0.5% degradation was
observed after 20,000 h of exposure to alkaline water with a pH
of 12.5. Studies on concrete; however, showed the mechanical
properties degrade with moisture saturation time (Bazant and Prat
1988) that may reach 30%–40% after 720 days (Konvalinka
2002). A recent study (Firmo et al. 2019) showed significant deg-
radation in tensile properties (68% and 96% decrease in tensile
stress and modulus, respectively) of a commercial epoxy adhesive
when heated up to a temperature few degrees above its glass tran-
sition temperature.

EP–FRP laminate testing reported minimal degradation after al-
kaline exposure (Abanilla et al. 2006; Saadatmanesh et al. 2010),
with the largest effects on tensile strength, particularly for
glass-fiber-reinforced polymer (GFRP), in some cases. The FRP–
concrete bond has been evaluated using flexural, direct shear, or
normal pull-off tests. Results of flexural testing with CFRP in alka-
line environments reported degradation of load capacity up to 28%
depending on the composite system used (Grace and Singh 2005;
Soudki et al. 2007). Debonding load and interfacial fracture energy
for CFRP direct shear tests under alkaline environments showed at
most 48% decrease depending on the composite system used (Pan
et al. 2010; Al-Mahmoud et al. 2014). Pull-off tests of
CFRP-strengthened concrete specimens exposed to freeze–thaw
cycles in marine environment showed up to 85% degradation in
bond strength (Yun and Wu 2011). Fazli et al. (2018) showed
that exposing CFRP-strengthened concrete slabs to wet–dry cycles
of marine environment for three months resulted in a 37% decrease
in pull-off strength. A review study by Cabral-Fonseca et al. (2018)
showed that there is still a need for long-term outdoor exposure
studies at the constituent materials level (adhesive and FRP) and
adhesively bonded joints.

Recently, non-epoxy-based resins have been investigated for
EB concrete strengthening applications. Polyurethane (PU)
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preimpregnated composite systems have demonstrated desirable
properties such as elasticity, flexibility, and workability (Chiou
and Schoen 2002; Bazinet et al. 2003; Haber et al. 2012). The
PU system is preimpregnated and catalyzed with moisture at the
job site. This allows consistent and higher levels of fiber saturation
and is ideal for installation in water. PU adhesives have demon-
strated better performance than other commercially available adhe-
sives under static, dynamic, impact, and cyclic loading, and in other
environmental conditions (Somarathna et al. 2018).

PU–CFRP systems have been successfully used recently in re-
pairing bridge concrete piles (Sen and Mullins 2007), shear
strengthening of reinforced concrete (RC) girders (Al-Lebban and
Mackie 2019), and flexural strengthening of small-scale concrete
beams and RC girders (El Zghayar et al. 2014; Al-Jelawy and
Mackie 2020). Flexural and lap shear testing of the PU–CFRP sys-
tems showed consistent findings on role between flexible adhesive,
larger interfacial energy, and equivalent or increased (relative to
EP–CFRP) flexural capacity and deformability. In addition, the
failure mode reported was consistently cohesive failure within
the adhesive layer.

Durability studies on PU systems are limited to date. Haber et al.
(2012) reported minimal degradation of EP–CFRP and PU–CFRP
strengthened RC girder flexural capacity after environmental con-
ditioning and cyclic mechanical loading. The PU strengthening
system exhibited the same consistent adhesive failure mode after
conditioning. Other durability studies are limited to PU–CFRP
and PU–GFRP laminates. Laminate tensile strength degradation
of 29% (one month exposure) for PU–CFRP (Xian et al. 2015)
and 31% (one year exposure) for PU–GFRP (Mourad et al. 2010)
were reported in water immersion at elevated temperature. How-
ever, no degradation in tensile modulus was observed, similar to
observations for increased temperatures alone (da Costa Mattos
et al. 2014).

The lack of information on environmental conditioning effects
on PU–CFRP strengthened concrete flexural members, and identi-
fying origin of degradation, i.e., whether there is a loss of stress
transfer between fiber and degraded matrix in the laminate, con-
crete and laminate in the adhesive layer, the bonded system as a
whole, or other mechanisms in the constituent materials, motivate
this research. The objectives of this paper are: (1) characterize
and compare durability performance of PU–CFRP and EP–CFRP
composite systems intended for concrete flexural repair; and
(2) correlate durability of single component (FRP laminate or con-
crete) and FRP-strengthened concrete system. The role (and consis-
tency) of the failure mode in predicting the FRP-strengthened
concrete beam ultimate load is emphasized.

Durability of concrete, CFRP laminates, and small-scale
CFRP-strengthened concrete flexural beams was investigated exper-
imentally for accelerated conditioning periods of 125, 250, and 365
days under seven different environments (salt, alkaline, UV, dry
heat, ambient, wet–dry cycles, and high temperature). Laminates
and FRP-strengthened beams were tested utilizing both EP and PU
matrices, and compared with control specimens. Inverse analysis
with a numerical model was used to develop conditioned bond–
slip models of the FRP-strengthened beam interfaces.

Materials and Testing Setup

Four types of specimens were considered: concrete cylinders, bare
concrete beams, FRP coupons, and FRP-strengthened concrete
beams. The concrete cylinders and bare beams were employed to
quantify the compressive and tensile strengths of concrete, respec-
tively. FRP coupons were tested for ultimate stress and modulus of

each composite laminate type. FRP-strengthened concrete beams
were designed to induce intermediate crack (IC) debonding at the
midspan flexural crack. Time-zero control specimens were tested,
as well as control specimens at each conditioning duration.

The bond-critical flexural setup was derived from the NCHRP
recommendations (Dolan et al. 2008) with some modifications. A
saw cut of 12.7mm was used instead of 50mm to make the speci-
mens more representative of concrete beams that have a well-
defined cracking load, but still form a midspan flexural crack.
The FRP laminate width was selected to be 50mm instead of
25mm owing to emphasis on PU composite specimens (flexible ad-
hesive). Flexible adhesive refers to the low stiffness of the bond–
slip curve that governs the bonded joints (Al-Jelawy and Mackie
2020). Sectional analysis using the proposed specimen size, saw
cut, and laminate width was conducted based on the limiting de-
bonding strain proposed by ACI 440.2R-17 (ACI 2017). The nom-
inal moment capacity (Mn) of PU- and EP-strengthened beams
resulted in nominal loads of 17.5 and 16 kN, respectively, and
shear capacity of 21.3 kN.

Concrete and Composite Materials

A total of 70 cylinders with dimensions of 100 × 200mm2 and 300
plain concrete beams having dimensions of 100 × 100 × 406mm3

were poured. The concrete mix was 1:2:3 by weight with a maxi-
mum size of coarse aggregate of 12.7mm. The specified 28-day
compressive strength, slump, and water–cement ratio (w/c) were
35MPa, 100mm, and 0.48, respectively. Beams were kept in
their wooden forms to cure for two weeks and were covered with
plastic sheets to retain moisture. After removing the specimens
from their forms, surface preparation was performed on the con-
crete beams intended for FRP strengthening to expose the aggre-
gate for bond promotion with the CFRP laminates. A surface
profile of 2.0 using hand grinders was achieved for all concrete
beams except the controls, according to the standards of Interna-
tional Concrete Repair Institute, see Fig. 1(a).

Two FRP systems were used in this study, both utilized a uni-
directional carbon fiber fabric and denoted CFRP–EP and CFRP–
PU. The first system was a wet lay-up system that utilized a two-
part EP as a matrix with a ratio of (3:1) by weight, resin to hardener.
The two-part epoxy possesses an average tensile modulus of 2,620
MPa, average tensile strength of 65.5MPa, and average elongation
at break of 4%, as provided by the manufacturer. The second
system was a preimpregnated CFRP system that utilized water cat-
alyzed PU with aromatic chemistry as a matrix. PU has microvoids
from CO2 byproducts during cure that prevent existing testing
standards from being used to obtain the resin-only mechanical
properties.

The glass transition temperatures (Tg) for the EP and PU matri-
ces were 130°C and 153°C, respectively, as provided by the man-
ufacturer. The higher Tg values were due to typical pipeline
industry applications. The carbon fiber employed in the FRP sys-
tem had a density of 590 g/m2, dry thickness of 0.66mm, average
tensile modulus of 230GPa, average ultimate elongation of 1.5%,
and average ultimate tensile strength of 3.79GPa.

FRP coupons were cut from the prepared laminates (one layer of
carbon fabric) with dimensions of 305mm by 25.4mm to obtain
the tensile properties of FRP systems following ASTM D7565
(ASTM 2017b) specifications. Beveled-edge fiberglass end tabs
were used with dimensions of 50mm long and 3.2mm thick.
FRP-reinforced beams were prepared by applying FRP laminates
(single layer of carbon fiber) 50 mm× 254 mm to the tension face
of bare beams yielding a bonded length of 127mm on either
side. The bonded length satisfies the equation for effective bond
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length presented by ACI (2017), which yielded 45 and 58mm for
the EP and PU systems used in the study, respectively.

For the PU system, a thin film of primer (same material as the
saturating resin) was applied to the concrete face to promote bond-
ing, see Fig. 1(b). The preimpregnated laminates were misted be-
fore lay-up and then rolled for about 20min to prevent build-up

of CO2 bubbles, see Fig. 1(c). For the EP system, the two-part
EP resin was mixed first and applied to the dry carbon fabric and
rolled into the fabric from both faces until the carbon fabric was sa-
turated. The saturated laminate was placed on the concrete face
after applying a thin layer of EP resin as a primer, and the laminate
was rolled again and the excess EP was removed. Half of the
FRP-strengthened beams were coated with a two-part chemically
resistant protective coating layer provided by the same manufac-
turer of the FRP systems. This protective layer was mixed by a
ratio of 1:1 (resin:hardener) by volume. The final thickness of the
FRP laminates was 1.17 and 1.4mm for PU and EP systems, re-
spectively, in both the coupons and the FRP-strengthened beams.

Instrumentation and Testing Setup

An apparatus was designed for concrete beam flexural testing (plain
and FRP-strengthened beams). The loading configuration, concrete
strength, and beam and FRP laminate dimensions were derived
from the testing methods of Gartner et al. (2010) and Dolan et al.
(2008) for evaluating bond durability. The apparatus had a clear
span of 330mm and was fabricated so that the relative displace-
ment between the center of the beam and support location could
easily be obtained. Fig. 2 shows the beam test setup. Three Duncan
9600 series linear variable differential transformers (LVDTs) were
used to record the displacement.

Flexural tests were performed on the beams using a 1,000 kN
Satec universal testing machine (UTM) from Instron Inc. A three-
point loading configuration was employed to test the concrete
beams at a loading rate of 0.84mm/min. Instron partner software
was used to record the applied load. A National Instruments data
acquisition system was used to collect readings of UTM load and
LVDT displacements. The plain beam tests were used to determine
the concrete tensile properties (modulus of rupture) following
ASTM C78 (ASTM 2016). The concrete compressive properties
were measured using concrete cylinders tests following ASTM
C39 (ASTM 2017a).

FRP coupons were prepared and tested following ASTMD7565
(ASTM 2017b). Each coupon was inserted into the UTM and held
by engaging the coupon end grips with UTM serrated grips. A
static axial clip-on extensometer with a gauge length of 25mm
was used to measure the axial strain of coupons at the mid-height.
Tensile tests were performed under displacement control at a rate of
1.3mm/min. Stress–strain data were recorded using partner
software.

Environments

The study program considered seven environments in addition
to control (baseline) specimens at each conditioning period,
details are listed in Table 1. Except for wet–dry cycles and high-
temperature environments, three durations of exposure were
performed in the study, 125, 250, and 365 days, similar to the
recommended durations by ICCES AC125 criteria (ICCES 2010).
The test matrix in Table 1 does not reflect the time-zero control speci-
mens, which were used to obtain the baseline results for the rest of the
control specimens during the environmental exposure. Three speci-
mens were tested for each composite type and conditioning period.

The specimens assigned for ambient outdoor conditioning,
which is an uncontrolled environment, were placed on the roof of
Engineering Building II at the University of Central Florida. In
this environment, specimens were exposed, laminate face up as ap-
propriate, to combinations of temperature (8°Cmin.–34°Cmax.),
UV light, and relative humidity variations (51%–92%).

(a)

(b)

(c)

Fig. 1. Lay-up steps of PU laminates: (a) surface preparation; (b) ap-
plication of PU primer; and (c) rolling of PU laminates.

© ASCE 04021021-3 J. Compos. Constr.
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Substitute seawater solution was created using Instant Ocean sea
salt dissolved in tap water following manufacturer instructions.
A mix ratio of 0.68 kg salt with 18.9 L of water was used. The
pH of the solution was found to stabilize at 10 after one week of

inserting the concrete specimens into the environment. Following
manufacturer recommendations, 20% of the saltwater solution vol-
ume was replaced with a newly mixed solution every 2 weeks.
Crushed concrete specimens were used to create an alkaline

Fig. 2. Flexural test setup.

Table 1. Test matrix

Tests

FRP tension FRP-strengthened flexure

Comp.
Conc.

Coated Uncoated Flexure
Plain

Coated Uncoated

Environment Duration PU EP PU EP no FRP PU EP PU EP

Control 125 d 3 — — 3 3 3 — — 3 3
250 d 3 — — 3 3 3 — — 3 3
365 d 3 — — 3 3 3 — — 3 3

Ambient 125 d 3 3 3 3 3 3 3 3 3 3
250 d 3 3 3 3 3 3 3 3 3 3
365 d 3 3 3 3 3 3 3 3 3 3

Saltwater 125 d 3 3 3 3 3 3 3 3 3 3
solution 250 d 3 3 3 3 3 3 3 3 3 3

365 d 3 3 3 3 3 3 3 3 3 3

Alkaline 125 d 3 3 3 3 3 3 3 3 3 3
solution 250 d 3 3 3 3 3 3 3 3 3 3

365 d 3 3 3 3 3 3 3 3 3 3

UV 125 d 3 3 3 3 3 3 3 3 3 3
250 d 3 3 3 3 3 3 3 3 3 3
365 d 3 3 3 3 3 3 3 3 3 3

Heat 125 d 3 3 3 3 3 3 3 3 3 3
250 d 3 3 3 3 3 3 3 3 3 3
365 d 3 3 3 3 3 3 3 3 3 3

Wet–dry heat cycles 28 d (2 cycles) 3 3 3 3 3 3 3 3 3 3

High temperature 2.5 h 3 3 3 3 3 3 3 3 3 3

© ASCE 04021021-4 J. Compos. Constr.
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leachate solution by immersing them in water. The leachate solu-
tion pH stabilized at a value of 12 after 10 days of immersion
with the crushed concrete pieces. Both aqueous environment speci-
mens were immersed at 22°C.

Three cubic wooden chambers were fabricated to accommodate
beams, coupons, and cylinders that were selected to be conditioned
under UV environment. Each chamber contained 15 beams,
2 sheets of composites, and 3 cylinders. Two BL-15 long-wave
(365 nm) UV lamps were used for each chamber. To ensure that
all the radiation energy was absorbed by the specimens, the inside
of chambers was covered with aluminum foil to reflect any radia-
tion back to the specimens. Test specimens were exposed to UV ra-
diation with intensity of 2,700 μW/cm2 at 22°C.

Dry heat environment specimens were inserted into a Blue M
146 Series ASTM testing mechanical convection oven. The oven
temperature was set to 60°C following the guidelines of ACI
440.8-13 (ACI 2013) and ICCES AC125 (ICCES 2010). Those
specimens designated for wet–dry cycling had two cycles of one
week of water exposure followed by one week of dry heat exposure
(i.e., one month total duration). The dry portion of the cycle was
conducted using the same setup as for the dry heat specimens.
The wet portion of the cycle was immersion in water at 22°C and
a pH of 7. This environment is limited to short-term cycling and,
therefore, not directly comparable to the results from 365 day expo-
sure profiles. High-temperature specimens were exposed to temper-
atures in excess of Tg, up to 177°C. The temperature was increased
by 21°C every 30min for a total duration of 2.5 h.

Experimental Results

For all environments, the conditioned specimens were removed
from exposure on the same day for each conditioning period except
for wet–dry, heat cycle, and elevated temperature environments.
Results are reported for beam flexural testing, coupon tensile test-
ing, and cylinder compressive testing. The sample mean (�x) and
standard deviation (sx) are reported for all quantities (sx only
when three results available).

Time-Zero Control (Unconditioned) Specimens

Time-zero control specimens were considered as a baseline for all the
other control specimens tested at each conditioning period. Time-
zero average concrete compression strength was 53.4MPa with
standard deviation of 1.45MPa and was determined using compres-
sion tests on 10 concrete cylinders. The concrete age at time-zero
conditioning was seven months which led to a growth in concrete
compressive strength compared with the specified 28-day strength.
Concrete average tensile strength for time-zero tests was determined
to be 4.4MPa with standard deviation of 0.09MPa using three-point
load flexural tests on 10 plain concrete beams.

Time-zero tensile tests were performed on coupons from both
FRP systems employed in this study (EP and PU) to obtain tensile
strength and elastic modulus. Twenty coupons were tested for each
system. Average tensile force and modulus per unit width for EP sys-
tem were 1,066 and 45,586N/mmwith standard deviations of 70 and
2,217N/mm, respectively. For the PU system, average tensile
strength and modulus were 533 and 31,655N/mm with standard de-
viation of 42 and 1,250N/mm, respectively. The average tensile
properties as reported by the manufacturer were 1,108 and 49,325
N/mm for EP system and 552 and 33,540N/mm for PU system.

All time-zero EP-strengthened concrete beams failed by de-
bonding through a thin layer of concrete substrate [Fig. 3(a)]. All
PU-strengthened concrete beams failed by debonding in the

adhesive layer [Figs. 3(b and c)]. For both systems, debonding ini-
tiated at midspan and propagated towards one of the laminate ends,
otherwise denoted intermediate flexural crack-induced (IC) de-
bonding (Teng and Chen 2007). For a select few EP-strengthened
beams, debonding initiated at a flexural-shear crack 2.5–4 cm from
the midspan. These specimens were removed from the results to en-
sure consistent flexural IC debonding was used between EP- and
PU-strengthened beams. The difference in crack initiation was
caused by epoxy filling the saw-cuts during lay-up. The high-
adhesion and high-tensile-strength properties of the epoxy led to
shifting of the crack away from the midspan.

Load–displacement behavior of time-zero control concrete
specimens strengthened with EP and PU systems (three specimens
were tested for each system) are shown in Fig. 4 in reference to the
unstrengthened concrete beams, labeled “Bare.” During loading,
the behavior of the beams was linear–elastic until the midspan
crack initiated at the saw cut. At cracking, a sudden drop in load
occurred after which the loading increased linearly until reaching
the ultimate capacity of the specimen.

There were several differences between PU and EP flexural speci-
mens. The EP-strengthened beams had higher cracking loads owing
to the increased stiffness and ability to bridge concrete cracks more
effectively. However, the ultimate loads for PU-strengthened beams
were always higher than the EP system. Results were consistent with
the observations of Haber et al. (2012) and El Zghayar et al. (2014).
The lower flexibility and strength of PU bond has the ability to dis-
tribute interfacial stresses throughout the bonded region more effec-
tively than the relatively stiffer EP adhesive. The third difference was
related to the beam deformability. The deformability is defined as the
ultimate displacement at failure divided by the displacement at the
onset of cracking. The average deformability for PU- and EP-
strengthened beams was 6.6 and 4.7, respectively, computed using
the time-zero specimens. The PU system improved the beam de-
formability by 40% compared with EP beams.

(a) (b)

(c) (d)

Fig. 3. Debonding of PU and EP systems: (a) debonding surface in EP;
(b) debonding in PU, FRP side; (c) debonding in PU, concrete side; and
(d) debonding of FRP-strengthened beam.
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Conditioning Results

Concrete Characterization
The relationship between the normalized compressive and tensile
strength of concrete with time for all environments (except wet–
dry heat cycles and elevated temperature) are depicted in Figs. 5
and 6, respectively. Concrete compressive strength was only
slightly affected by environmental conditioning. The largest degra-
dation was in leachate solution, where compressive strength
decreased by 6% after 125 days and then stabilized for longer con-
ditioning times. Concrete tensile strength was affected by aqueous
conditioning. Leachate solution exposure resulted in a tensile
strength decrease of 9% after 125 days that also stabilized at longer
exposure times. Deterioration of compressive and tensile strength is
due to the tendency of aqueous environments to cause sulphate ions
to attack cement hydration products (Prasad et al. 2006). For the
wet–dry heat cycles and elevated temperature environments, com-
pressive strength was not affected, whereas tensile strength de-
graded by 6% and 5%, respectively.

FRP Characterization
Tensile tests were performed to obtain the ultimate force and elastic
modulus per width of FRP materials, with results presented in
Table 2 for all environments. Only the aqueous environments
resulted in degradation of tensile properties. The relationship
between the normalized ultimate force and elastic modulus per
width with conditioning time for leachate and salt environments
are depicted in Figs. 7 and 8, respectively. The PU system utilized
in this study was more affected by aqueous conditioning than the
EP system, where tensile force per unit width degraded by 9%
and 11% for PU system after 365 days of leachate and salt condi-
tioning, respectively. Degradation of tensile modulus per unit width
followed the same trend as in the tensile strength, with the PU sys-
tem degrading by 7% and 12% after 365 days of leachate and salt
conditioning, respectively.

Degradation of FRP tensile properties under aqueous exposure
occurs when free ions such as OH− and Cl− present in concrete
leachate and saltwater solutions, respectively, and water molecules
diffuse into the polymeric matrix (Saadatmanesh and Tannous
1997). The cracks and voids in the matrix may accelerate absorp-
tion of ionized water which in turn may cause hydrolysis and
polymerization that induce changes of the matrix. The PU system
had a substantially higher void ratio than EP due to the CO2

released during curing that may have exacerbated degradation ob-
served in the aqueous environments.

Although UV exposure caused no significant impact on
laminate properties, visual changes were noticeable. Outdoor and

UV light exposure showed discoloration of PU laminates (resin
yellowing) as depicted in Fig. 9, which is a typical visual indication
of UV exposure as discussed in Boer et al. (2014). The coating
layer plays a role in suppressing this aesthetic effect. No visual dis-
coloration was seen in EP laminates due to UV exposure.

FRP-Strengthened Beam Characterization
Flexural tests were performed on FRP-strengthened concrete
beams to characterize the degradation of the bond between FRP
and concrete. The exposed beams had the same failure mode as
the time-zero control specimens, that is, flexural IC induced de-
bonding. The EP and PU beams similarly all debonded in a thin
layer of concrete substrate and in the adhesive layer, respectively.
As mentioned for the time-zero control specimens, specimens

(a) (b)

Fig. 4. Load–displacement curves: (a) PU specimens; and (b) EP specimens.

Fig. 6. Tensile strength from conditioned concrete beams.

Fig. 5. Compressive strength from conditioned cylinders.
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where IC debonding initiated at a flexural-shear crack 2.5 to 4 cm
from the midspan were removed from comparison.

Figs. 10 and 11 depict the normalized cracking load and ulti-
mate load with respect to the conditioning time for the leachate

and salt environments, respectively. These two environments
caused the largest decrease in bond properties. The complete set
of results for both coated and uncoated beams are presented in
Table 3 for cracking load and Table 4 for ultimate load.

Fig. 10 shows only the results of coated specimens, because it
was found the coating layer did not affect cracking behaviors.
This is explained directly by the results in Figs. 5 and 6, because
degradation in cracking load is mainly caused by concrete degrada-
tion. The coating layer was only applied on the tension face where
the FRP is attached, but sulphate and chloride ingress can occur
from all directions when the specimens are submerged.

Leachate and salt environments showed noticeable deterioration
compared with the other environments. It was seen that EP system
had a degradation in cracking load by 6% and 8% after 365 d of

Table 2. Elastic modulus x= kFRP and ultimate force x=Fu,FRP per unit width of FRP material

Environment Exposure

x= kFRP (N/mm) x=Fu,FRP (N/mm)

EP PU EP PU

�x sx �x sx �x sx �x sx

Control 125 d 46,465 2,164 32,373 993 1,063 100 551 51
coupons 250 d 46,851 1,401 31,888 1,066 1,121 89 534 46

365 d 48,599 1,652 32,211 1,171 1,169 112 571 63

Alkaline 125 d 46,175 1,449 31,565 1,219 1,034 58 540 24
solution 250 d 46,465 1,401 30,597 888 1,072 68 509 28

365 d 48,203 1,159 30,193 1,066 1,111 90 525 43

Saltwater 125 d 46,175 1,864 30,677 1,332 1,014 58 517 35
solution 250 d 45,788 2,029 28,659 1,276 1,063 68 484 40

365 d 47,431 1,304 28,336 1,736 1,101 72 506 35

Ambient 125 d 45,692 1,063 31,404 1,421 1,034 70 517 38
250 d 45,595 1,092 29,547 1,001 1,082 48 501 48
365 d 47,044 1,826 29,951 1,138 1,111 78 525 36

Heat 125 d 46,175 1,546 30,920 1,267 1,043 61 533 43
250 d 46,465 1,748 30,193 848 1,101 48 517 49
365 d 48,010 1,893 30,306 1,292 1,150 52 541 40

UV 125 d 46,175 1,430 31,404 1,348 1,072 69 525 57
250 d 46,658 1,323 30,354 1,187 1,140 77 505 65
365 d 48,397 1,468 30,677 936 1,188 79 533 40

Wet–dry heat cycles 28 d 45,692 1,063 31,404 1,421 1,014 55 505 36

Elevated temperature 2.5 h 46,175 1,546 30,920 1,574 1,005 69 492 42

Fig. 7. Tensile force per unit width from conditioned FRP laminates.

Fig. 8. Tensile modulus per unit width from conditioned FRP laminates.

(a) (b)

Fig. 9. Visual effects of UV light on PU laminates: (a) control speci-
men; and (d) conditioned specimen.
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conditioning in leachate and salt environments, respectively. For PU
system, it was found that the degradation was 13% and 8% after
365 d of leachate and salt environments, respectively. These results
are for the coated specimens and similar to the uncoated specimens.

Changes in the ultimate load of the FRP-strengthened beams
was not significant for the EP system under all environments,
while the PU system exhibited degradation particularly under
leachate and salt exposure. Fig. 11 depicts the ultimate load degra-
dation under these two environments, which agrees with the EP re-
sults reported by Cromwell et al. (2011). It was observed that the
coated EP system had a degradation in ultimate load by 5% com-
pared to 7% for uncoated EP system after 365 d in the salt environ-
ment. Coated PU system showed degradation of 21% compared to
36% for uncoated PU system after 365 d of conditioning in the salt
environment. The same trend of degradation that occurred in ulti-
mate load occurred also in post-cracking flexural stiffness.

The overall PU degradation can be broken down into degrada-
tion from concrete, FRP laminate, and the bond between concrete
and FRP. The results indicate that bond degradation contributed
the most to the overall degradation, because of the relatively
minor decreases in the concrete and laminate properties. Clearly,
there was a role for the coating layer to suppress the degradation
of the PU system, and coatings or finishes are standard practice
in the industry. However, as with the cracking load, the coating
layer shields the bond from one direction only (tension face direc-
tion). Other sides of the bond are exposed to any chemical attack
and may have resulted in the larger degradation observed in the
aqueous environments where the specimens were fully submerged.

Numerical Modeling of Bond Degradation
To separate the effect of environmental conditioning on the bond, a
two-dimensional (2D) finite element (FE) model for the flexural

Fig. 11. Ultimate load (Pu) from conditioned FRP-strengthened beams.

Table 3. Cracking load, x=Pcr (kN), for conditioned FRP-strengthened beams

Environment Exposure

EP PU

Coated Uncoated Coated Uncoated

�x (k) sx (k) �x (k) sx (k) �x (k) sx (k) �x (k) sx (k)

Control 125 d — — 15.0b — b — — 11.7 0.49
beams 250 d — — 15.6b — b — — 11.8 0.36

365 d — — 15.8 0.67 — — 11.9 0.64

Alkaline 125 d 14.2a — a 14.2a — a 10.2 0.56 10.1 0.58
solution 250 d 14.7a — a 14.8 0.51 10.3 0.48 10.0 0.38

365 d 15.0b — b 14.9b — b 10.4 0.94 10.1 0.63

Saltwater 125 d 13.9a — a 13.8b — b 10.6 0.67 10.5 0.60
solution 250 d 14.3 0.53 14.0a — a 10.7 0.39 10.6 0.55

365 d 14.7b — b 14.1 0.49 10.8 0.61 10.7 0.48

Ambient 125 d 14.7b — b 14.7 0.51 10.9 0.49 10.8 0.54
250 d 15.2b — b 15.1a — a 11.0 0.51 10.7 0.63
365 d 15.1 0.53 15.0 0.46 10.9 0.50 10.8 0.72

Heat 125 d 14.9 0.57 14.9b — b 11.0 0.63 10.9 0.51
250 d 15.4 0.50 15.2b — b 11.1 0.60 11.0 0.68
365 d 15.6b — b 15.6a — a 11.2 0.65 11.1 0.45

UV 125 d 14.8 0.58 14.7a — a 11.4 0.61 11.3 0.59
250 d 15.6a — a 15.5b — b 11.6 0.49 11.4 0.56
365 d 15.5b — b 15.6 0.63 11.7 0.68 11.5 0.61

Wet-dry heat cycles 28 d 15.1b — b 15.0 0.69 11.2 0.60 11.3 0.53

Elevated temp. 2.5 h 15.4a — a 15.6b — b 11.4 0.67 11.6 0.65

aSingle midspan flexural IC debonding specimen result is reported.
bTwo midspan flexural IC debonding specimens reported.

Fig. 10. Cracking load (Pcr) from conditioned FRP-strengthened beams.
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testing was developed using MSC.MARC finite element package.
Plane stress elements (quadrilateral element, Q4) were used to
model the concrete (with dimensions 100 mm×406 mm and
out-of-plane thickness 100mm) and FRP laminate (with dimen-
sions of 254 mm× (1.17mm for PU and 1.4mm for EP) and
out-of-plane thickness 50mm).

An interface element (cohesive zone quadrilateral element that
simulates the onset and progress of delamination) was used to
model the adhesive layer with dimensions 254 mm×0.51 mm
and out-of-plane thickness of 50mm. The constitutive behavior
of these elements is expressed in terms of tractions versus relative
displacements between the top and bottom edge/surface of the ele-
ments. The element dimensions were the average measured values
from the concrete beams tested in the study. The mesh was locally
refined in both directions (see Fig. 12). A nonlinear static analysis
was performed using an arc length stepping procedure with auto-
matic step-size control and full Newton–Raphson iterations at
each step. A residual force convergence criterion was used with a
tolerance of 10−8.

Tension behavior of concrete was modeled using the linear
softening model. The softening branch of the model allows the
concrete to carry load after the maximum principal stress exceeds
the concrete tensile strength. The parameters that determine
the shape of the linear softening model are concrete elastic modulus
Ec and Mode I fracture energy Gf. The expressions Ec = 4,700

���
f ′c

√

(ACI 2019) and Gf=Gfo( fc′/10)
0.7 (CEB-FIP 1993) were used for

the parameter values. The concrete compressive strength fc′ is in
units of MPa and Gfo is a factor that depends on the maximum
size of aggregate, which is 0.025 for the aggregate used in the
study.

Ultimate crushing strain of concrete was set to 0.003. Concrete
Poisson’s ratio under uniaxial compression ranges between 0.15

and 0.22 (Hu et al. 2004) and 0.2 was used in this study. The
shear retention factor is a measure of shear forces being transferred
across a crack in cracked concrete and it ranges between 0 and 1
(Hu et al. 2004; Lu et al. 2006). A shear retention factor of 0.01
was used in this study based on a sensitivity analysis which was
performed on the control bare concrete beams.

FRP laminate behavior was assumed linear until failure, thus
only the ultimate stress, elastic modulus, and Poisson’s ratio
were used for FRP modeling. The average Poisson’s ratios for
EP and PU systems were 0.18 and 0.17 as reported by the manufac-
turer. The reported tensile properties of the PU and EP systems
were used for modeling.

The adhesive layer was modeled with a linear–brittle bond–slip
model. The model shape and parameters (bond stress, τ̂max, and
critical slip, δ̂0) were determined from least-squares regression on
data from single lap-shear tests conducted on the same FRP com-
posites. Details of the lap-shear tests and bond–slip model are

Table 4. Ultimate load, x=Pu (kN), for conditioned FRP-strengthened beams

Environment Exposure

EP PU

Coated Uncoated Coated Uncoated

�x (k) sx (k) �x (k) sx (k) �x (k) sx (k) �x (k) sx (k)

Control 125 d — — 18.7b — b — — 19.8 0.46
beams 250 d — — 19.7b — b — — 20.9 0.65

365 d — — 20.0 0.57 — — 21.1 0.53

Alkaline 125 d 18.6a — a 17.4a — a 15.9 0.47 14.3 0.58
solution 250 d 19.6a — a 17.8 0.72 16.0 0.31 14.3 0.42

365 d 19.7b — b 18.0b — b 16.1 0.89 13.9 0.67

Saltwater 125 d 17.8a — a 17.6b — b 15.8 0.46 14.1 0.56
solution 250 d 18.8 0.65 18.3a — a 16.5 0.58 13.6 0.89

365 d 18.7b — b 18.5 0.57 16.4 0.62 13.4 0.65

Ambient 125 d 18.6b — b 17.8 0.44 17.8 0.50 16.4 0.54
250 d 19.6b — b 18.4a — a 17.6 0.73 16.6 0.78
365 d 20.1 0.65 18.7 0.64 17.8 0.68 16.5 0.61

Heat 125 d 18.5 0.58 18.3b — b 18.3 0.82 18.1 0.52
250 d 19.6 0.72 18.9b — b 18.8 0.62 18.5 0.59
365 d 19.7b — b 19.2a — a 18.7 0.70 18.3 0.73

UV 125 d 18.7 0.60 18.5a — a 19.4 0.93 19.5 0.67
250 d 19.7a — a 19.6b — b 20.4 0.77 19.8 0.49
365 d 19.9b — b 19.9 0.96 20.3 0.73 20.0 0.89

Wet-dry heat cycles 28 d 19.2b — b 18.9 0.73 19.9 0.67 19.7 0.71

Elevated temp. 2.5 h 19.3a — a 19.4b — b 20.3 0.76 20.2 0.58

aSingle midspan flexural IC debonding specimen result is reported.
bTwo midspan flexural IC debonding specimens reported.

Fig. 12. FE model with boundary conditions.
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presented in Al-Jelawy and Mackie (2020) and Al-Jelawy (2013).
Table 5 presents the average bond–slip parameters used in FE mod-
eling. The results indicate that the fracture (cohesive) energy, Gc, of
both EP and PU systems is comparable. However, the slip of PU
system is larger, which implies low bond stiffness.

The created model was used in the forward direction to predict
the behavior of the unconditioned (control) bare beams and
FRP-strengthened beams using the aforementioned unconditioned
material models for concrete, FRP laminate, and bond–slip. After
that, by using the same FE model, the conditioned material proper-
ties can be used in the inverse analysis to obtain the conditioned
bond–slip behavior.

Previous studies on environmentally conditioned bond–slip
behaviors are scarce. Batuwitage et al. (2017) showed that the
bond–slip law was greatly affected by environments and suggested
further studies to understand the mechanism by which the bond–
slip law changes. However, Shrestha et al. (2014) showed that
the initial stiffness of the bond–slip was not influenced by environ-
mental conditioning. In this study, it was therefore assumed the ini-
tial stiffness of the bond–slip law was constant for control and
conditioned beam specimens. The cohesive energy was allowed
to vary while calibrating the conditioned load–displacement
curve of the FRP-strengthened beam.

The FE model was used to simulate the leachate and salt envi-
ronments because they were the most severe. The numerical

load–displacement curves for the control and salt-conditioned
beams for PU system along with the experimental curves are
shown in Fig. 13. For the EP beams, the degree of degradation ob-
served and consistent concrete substrate failure mode suggested
that the bond–slip characteristics were not altered by conditioning.

The conditioned bond–slip behavior for EP and PU beams are
shown in Figs. 14(a and b). As expected, the main source of deg-
radation in EP beams was the degradation in concrete tensile
strength. On the other hand, PU beams showed considerable degra-
dation in the bond cohesive energy, which is area of the bond
stress–slip curve of PU obtained from lap shear tests. It was ob-
served that there was a direct relationship between the degradation
in the beam ultimate load and cohesive energy for PU system and
concrete tensile strength for the EP system, as shown in Fig. 15.
This significant finding enables potentially superior behavior of
PU systems under environmental conditioning, because of the abil-
ity to alter the PU chemistry to be more resistant to specific degra-
dation mechanisms (or provide surface protection).

Conclusions

An experimental investigation on the degradation of EP and PU
matrix CFRP composites employed for external strengthening of
concrete structures is presented. Durability of the individual com-
ponents under accelerated exposure to different environments
was characterized by flexural tests on unstrengthened concrete
beams, compression tests on concrete cylinders and tensile tests
on FRP composites. Durability of the bond was characterized by
flexural tests on the FRP-strengthened concrete beams and inverse

Table 5. Average bond–slip parameters for FE modeling

System Gc (N/mm) δ̂0 (mm) τ̂max (MPa)

EP 0.582 0.12 9.7
PU 0.59 0.197 6.0

Fig. 13. FE model of PU control and salt-conditioned beams at
365 days.

(a) (b)

Fig. 14. Bond–slip degradation of composite systems: (a) salt environ-
ment; and (b) leachate environment.

(a)

(b)

Fig. 15. Relationship between ultimate load degradation for PU and
EP beam systems: (a) PU system; and (b) EP system.

© ASCE 04021021-10 J. Compos. Constr.

 J. Compos. Constr., 2021, 25(3): 04021021 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

H
ai

de
r 

A
l-

Je
la

w
y 

on
 0

4/
15

/2
1.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



analysis using numerical models to determine the bond–slip
behaviors.

The aqueous environments (leachate and saltwater) had minor
effects on the concrete properties (9% and 8% degradation in ten-
sile strength for leachate and saltwater, respectively) and the lami-
nates (9% and 11% degradation in tensile strength for PU in
leachate and saltwater environments; 4% and 6.5% degradation
in tensile strength for EP in leachate and saltwater environments,
respectively). However, they had a greater effect on the PU bond
than the EP bond to concrete, where 36% degradation for PU
bond was seen compared with 7% for EP bond for uncoated speci-
mens in saltwater environment. The bond degradation likely oc-
curred because of the increased potential for absorption and
diffusion of OH− and Cl− ions and water molecules into the larger
void content of the PU system, in addition to the aromatic chemis-
try of the PU matrix employed in this study.

The ambient environment had a moderate effect on PU bond
where 22% degradation was seen compared with 6.5% in EP
bond for uncoated specimens, whereas its effect was close to that
of aqueous environments on concrete and CFRP composite. UV
and heat environments did not have considerable effect on con-
crete, both CFRP materials (EP and PU), and bond between con-
crete and CFRP composite. For UV exposure, the reason could
be attributed to the ineffectual role of long-wave radiation used
and the superficial damage generated from exposure. For heat ex-
posure, the temperature was below Tg for both composite materials
utilized in the study, and therefore no significant mechanical
changes in the matrix or the bond were expected, as were observed
with both EP (4% and 5% degradation in FRP tensile strength and
bond, respectively) and PU (7% and 9% degradation if FRP tensile
strength and bond, respectively) in the elevated temperature
environment.

Short-wave UV and broader temperature fluctuation (i.e.,
freeze–thaw) should be considered for characterizing the PU sys-
tem in moisture environments in the future. Wet–dry heat cycles,
although limited in time, exhibited some degradation effects on
concrete (6% on concrete tensile strength), FRP tensile strength
(5% for EP and 7% for PU), and bond of uncoated specimens
(6% for EP and 8% for PU). However, additional cycles are need
in future work to better correlate with the results of each environ-
ment independently. The coating layer showed acceptable effi-
ciency in suppressing degradation, especially for PU–
CFRP-strengthened concrete beams, although the immersion of
specimens in the aqueous solutions resulted in suppression of the
coating effect.

Although degradation levels varied in both components (con-
crete and FRP laminates) and bond, conditioning did not change
the failure mode of FRP-strengthened beams. IC debonding oc-
curred through a thin layer of concrete substrate for EP–
CFRP-strengthened beams, and IC debonding failure mode oc-
curred through the adhesive layer of PU–CFRP-strengthened
beams. Failure modes suggested that durability of the EP–concrete
system was determined by the concrete itself or FRP laminate deg-
radation, whereas for the PU–concrete system the durability was
dependent on the PU adhesive alone. Numerical investigations
on the conditioned beams confirmed these results. Further research
is needed on large-scale RC beams to confirm whether the findings
are applicable at other scales.

Consistent with the observations of Haber et al. (2012), the
lower flexibility and strength of the PU adhesive and laminates
did not translate to reduced performance of the FRP-strengthened
beams. In fact, all control unconditioned PU–FRP-strengthened
beams achieved higher ultimate loads than the corresponding EP
control beams due the ability of the PU adhesive to distribute

interfacial stresses throughout the bonded region. However, the
bond of conditioned PU beams was weakened by conditioning;
therefore, chemical enhancement of PU bond would significantly
improve conditioned cracking and ultimate loads under the envi-
ronments studied.
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