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Abstract: Fiber-reinforced polymer (FRP) materials have been increasingly used for external strengthening of reinforced concrete (RC)
infrastructure. However, the focus has been almost exclusively on epoxy-based composites, and other potential options such as polyurethane
(PU) have not been fully investigated. This paper characterizes the flexural behavior of concrete strengthened with PUmatrix–adhesive laminates
using small-scale single lap shear specimens, unreinforced flexural specimens, and large-scale RC girders. Experimental results demonstrate that
although the normal and shear strengths of PU-based adhesives are low, PU-strengthened beams show increased strength and deformability,
owing to the load redistribution ability within the bond line. It is found that a linear brittle bond–slip model adequately predicts the interfacial
shear behavior of the PU adhesive, exhibiting a lower stiffness and comparable cohesive energy to epoxy. Finite element (FE) analysis was per-
formed to validate the effect of the bond–slip model relative to the experimental results.DOI: 10.1061/(ASCE)CC.1943-5614.0001033.© 2020
American Society of Civil Engineers.
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Introduction

Fiber-reinforced polymer (FRP) composites have gained significant at-
tention from engineers, researchers, and state departments of transpor-
tation as an option for infrastructure strengthening and repair, owing to
their desirable properties, such as high stiffness-to-weight ratio, high
strength-to-weight ratio, easy on-site installation, and good corrosion
resistance. Flexural strengthening with EP-based carbon FRP (CFRP)
composites has been studied for decades, gaining interest after research
in Switzerland on externally bonded FRP (Meier 1987). One of the
early studies on using FRP composites on the tension face of reinforced
concrete (RC) members was conducted by Fardis and Khalili (1981).
Significant increases in strength and stiffness were observed when
glass FRP was bonded to RC beams using polyester resin.

Many studies in the following decades confirmed improved strength
and stiffness for RC beams and slabs by external use of EP-FRP
strengthening systems (Ritchie et al. 1990; Saadatmanesh and Ehsani
1991; Takeda et al. 1996; Arduini and Nanni 1997; Grace et al.
1998; Limam et al. 2003; Mosallam and Mosalam 2003; Arduini
et al. 2004; Esfahani et al. 2007; Kim et al. 2008; Floruţ et al. 2014).

Several design guidelines for FRP strengthening of RC structures
were established (Maruyama 2001; FIP 2006; ACI 2017; CSA 2012).
They were primarily targeted at EP-based FRP composites intended
for wet layup or precured sheets. The design of FRP-strengthened
concrete members follows standard sectional design, with the addi-
tional consideration of failure modes in the substrate and laminate,
and debonding between concrete and FRP.

Researchers have found that the most common failure mode of
external FRP strengthening is delamination or debonding of the
laminate from the concrete (Fanning and Kelly 2001; Nguyen
et al. 2001a; Sebastian 2001; Teng et al. 2003; Buyukozturk
et al. 2004). This failure mode is important because it is brittle
and could occur at loads smaller than those predicted through sec-
tion equilibrium. When debonding occurs, the strengthened section
capacity is lost, with loss of composite action. Therefore, under-
standing the bond behavior between concrete and FRP is essential
in characterizing member capacity and behavior.

Bond investigations were commonly performed using a direct
shear test, owing to the simplicity of the setup. Typically, the speci-
men is fixed against movement and instrumented with several strain
gauges along the FRP laminate, and load is applied to the FRP.
Using the strain distributions along the FRP bonded length, the av-
erage local shear stress and local deformation (slip) between each
strain gauge location can be determined using basic mechanics.
The experimentally obtained shear stress–slip curves are not iden-
tical along the bonded length (Chajes et al. 1996; Nakaba et al.
2001; Dai et al. 2005; Mazzotti et al. 2008). Different functional
forms of bond–slip models were reported in the literature for
EP-based composites. Some were obtained based on regression
analyses of the experimental data (Nakaba et al. 2001; Dai et al.
2005; Faella et al. 2009), while others were based on finite element
(FE) analysis (Lu et al. 2005a, 2005b). Less commonly, the bond–
slip model can be obtained, assuming the end slip is known, and
the fracture energy can be derived from a formula that combines
the dimensional and mechanical properties of the assembly
(CNR-DT200-R1 2013).

Polyurethane-Based Composites

Several alternative resins are commercially available for externally
bonded concrete strengthening applications. A preimpregnated
composite system that employs PU resin has been shown to have
desirable mechanical properties and workability (Bazinet et al.
2003; Haber et al. 2012). Also, this PU system is generally cheaper
than EP systems. The system is preimpregnated at the factory, sav-
ing significant amounts of time during layup, and is delivered to the
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job site in a hermetically sealed foil pouch, allowing consistent and
higher levels of fiber saturation than are often possible in common
wet layup situations (and without requiring additional heat or pres-
sure to cure). Furthermore, water is the only catalyst for curing the
system, allowing for seamless implementation in environments
with moisture.

PU adhesives have been observed to perform better under static,
dynamic, impact, and cyclic loading, and other environmental
conditions, than other types of commercially available adhesives
(Somarathna et al. 2018). Because of its low viscosity, PU effi-
ciently wets the surface of several substrates and spreads through
porous substrates, enabling PU adhesives to form strong bonds.
However, PU adhesive was observed to have poor adhesion with
timber adherent (Youssef et al. 2014). The failure occurred at the
timber–PU interface. The poor adhesion may have been due to
poor surface preparation or incompatibility between PU and timber
substrate.

Compared with externally bonded composite systems with EP
matrices, PU systems have seen limited investigations. Sen and
Mullins (2007) investigated CFRP composite systems utilizing
PU to wrap corroded bridge concrete piles. Such an underwater
application was ideal for PU usage, and bond tests conducted
after 2 years on samples from selected piles demonstrated that
the preimpregnated system is a good alternative to FRP systems
saturated on-site. Haber et al. (2012) reported the results of an ex-
perimental study of RC beams externally strengthened with CFRP
laminates (utilizing both PU and EP). The performance of the
PU-strengthened beams was similar to that of the EP-strengthened
beams, although PU is typically more flexible. Al-Lebban and
Mackie (2019) observed similar results when the CFRP laminates
were used for shear strengthening of RC beams.

A major benefit of the PU systems explored in recent studies
(El Zghayar et al. 2014) is the role of low stiffness and strength
(Burchardt 2010) of the adhesive layer in promoting higher
strength of the repaired flexural system. The interfacial stresses
are more uniformly distributed throughout the bonded region and
the larger transfer length allows the ultimate flexural failure load
for an externally bonded PU concrete repair to be comparable to
or higher than that for a corresponding EP system. The uniform dis-
tribution of interfacial stresses was also observed through digital
image correlation at the interface of timber–concrete joints utilizing
PU adhesive (Youssef et al. 2014). The adhesive cohesive failure
mode is more reliable, as it does not depend on the heterogeneous
properties of concrete locally at the concrete–adhesive interface,
where EP-based systems typically experience concrete substrate
or concrete cohesive failure.

The first objective of this paper is to characterize the flexural and
bond–slip behavior of concrete beams externally strengthened with

PU-based systems on the tension soffit. The second objective is to
characterize the flexural behavior of large-scale RC girders
strengthened with PU-based systems and compare them with
EP-based systems. A FE analysis was performed using the char-
acterized bond–slip model to reproduce the experimental behavior of
small-scale PU-strengthened concrete beams and to validate the local
bond–slip functional form.

Materials and Methods

The testing program included material testing on FRP laminates
and concrete cylinders, single lap shear testing of FRP bonded to
concrete, small-scale concrete beams (without steel or FRP rein-
forcement), small-scale FRP-strengthened beams (without steel re-
inforcement), and large-scale RC girders strengthened with FRP.
The experimental testing matrix is shown in Table 1.

Materials

The concrete mix was 1:2:3 by weight. The expected 28-day com-
pressive strength, slump, and water-cement ratio (w/c) were 34.5
MPa, 100mm, and 0.48, respectively. Specimens were kept in
their wooden forms to cure for 2 weeks and were covered with
plastic sheets to retain moisture. Standard 100 × 200 mm concrete
cylinders were poured and tested to measure the concrete compres-
sive strength.

Two FRP systems were used in this paper, both utilizing the
same unidirectional carbon-fiber fabric: CFRP-EP and CFRP-PU.
The first system was a wet layup system that utilized a two-part
EP as a matrix with a ratio of (3:1) resin to hardener. The second
system was a preimpregnated CFRP system that utilized water-
catalyzed PU as a matrix. The PU system is delivered in sealed
bags and was opened in the field prior to use. The glass transition
temperatures (Tg) for the EP and PU matrices were 153°C and
130°C, respectively, as provided by the manufacturer. The higher
values of Tg were due to typical pipeline industry applications.
The two-part EP has a tensile strength of 65.5MPa, tensile modulus
of 2,620MPa, and elongation at break of 4%. PU has microscopic
voids from CO2 byproducts produced during curing that make ex-
isting testing standards for obtaining the resin-only mechanical
properties difficult to follow.

The carbon-fiber employed in the FRP system had a density of
590 g/m2, ultimate tensile strength of 3.79GPa, tensile modulus of
230GPa, ultimate elongation of 1.5%, and dry thickness of 0.66
mm. FRP coupons were prepared (as single layers) with dimen-
sions of 305mm by 25.4mm to obtain the tensile properties of
both FRP systems.

Table 1 Dimensions and matrix of experimental specimens

Dimensions (mm)

Concrete FRP sheet

Specimen ID(s) Test type FRP bc h L bf Lf

C1 through C12 Small-scale flexural — 100 100 406 — —
PU-1 through PU-12 Small-scale flexural PU 100 100 406 50 254
EP-1 through EP-3 Small-scale flexural EP 100 100 406 50 254
Control girder Large-scale flexural — 178 280 2,750 — —
PU-1 girder Large-scale flexural PU 178 280 2,750 153 2,590
PU-2 girder Large-scale flexural PU 178 280 2,750 153 2,590
EP girder Large-scale flexural EP 178 280 2,750 153 2,590
SP-1 through SP-6 Single lap shear PU 100 100 305 50 100
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Specimen Design and Construction

A total of 27 small-scale plain concrete beams with dimensions of
100 mm× 100 mm×406 mm were poured (Al-Jelawy 2013).
Twelve beams were plain concrete and employed as reference speci-
mens. Another 12 beams were PU-strengthened concrete specimens.
The other three beams were EP-strengthened concrete specimens.
The small-scale FRP-strengthened beams were prepared by applying
FRP laminates, 50 mm×254 mm, to the tension faces of bare beams
yielding a bonded length of 127mm on either side, which satisfies the
equation for effective bond length in ACI 440.2R (ACI 2017).

Four large-scale RC girders with dimensions of 280 mm deep ×
178 mm wide × 2, 744 mm long were designed and built. Of the
large-scale specimens, three were FRP-strengthened RC girders and
one was a control RC girder. The control girder was designed in accor-
dance with ACI-318 (ACI 2019) to allow the reinforcing steel to yield
at a load of 57.8 kN and the concrete crushing to occur at 62.2 kN.
The design was based on the expected 28-day concrete compressive
strength (34.5MPa) and steel yield strength of 420MPa.

The other three FRP-strengthened RC girders, two strengthened
with PU and one strengthened with EP, were designed to ensure de-
bonding failure. The design procedure was followed by performing
a sectional analysis with a specified FRP strain that is below the
strain limit recommended by ACI 440.2R (ACI 2017), which is
placed to avoid debonding. Using the FRP and concrete material
properties, it was found that three layers of FRP are enough to
cause debonding failure.

Six plain concrete beams having dimensions of 100 mm×
100 mm×305 mm were poured for bond–slip investigation on the

concrete-FRP interfacial behavior. The single lap shear test, (see
Fig. 1), is commonly utilized for that purpose. Adequate bond length
(L), 100mm, was used and six strain gauges were mounted at close
spacing along the FRP laminate, as indicated in Fig. 1.

After removing the specimens from their forms, the substrate
layer surfaces of the concrete were prepared to expose the aggregate
for bond promotion with the CFRP laminate systems. A surface pro-
file of 2, using hand grinders, was achieved for all concrete beams
and girders except the controls, according to the standards of the In-
ternational Concrete Repair Institute. Following surface preparation,
a saw cut 12.7mm deep and 1.6mm thick was made at the center of
the tension face of each small-scale specimen to ensure that a flexural
crack would initiate at this location.

For the PU system, a thin film of primer (the same material as the
saturating resin) was applied to the concrete face to promote bond-
ing. The preimpregnated laminates were misted before layup and
then rolled for about 15min to prevent build-up of CO2 bubbles
(see Fig. 2 for layup steps). 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 saturated.
The saturated laminate was placed on the concrete face after apply-
ing a thin layer of EP resin as a primer, and the laminate was rolled
again and the excess EP removed. The final thicknesses of the FRP
laminates were 1.17mm and 1.4mm for PU and EP systems, respec-
tively, in both the coupons and the FRP-strengthened beams.

Before the application of FRP layers to the RC girders, the
girders were cracked up to the yield point and unloaded to zero.
The rationale behind this was that it would make the testing
more realistic, compared with the common practice of repairing un-
damaged specimens with FRP. The cracks were then EP-injected
by Vector (Ste 200A Tampa, FL 33610), a specialty concrete repair
company, as is performed for repair of RC members. Finally, three
layers of FRP were sequentially applied to the tension side. The
FRP layers were 153mm wide and applied to the full clear span
of the girder tension side (2,590mm). The curing conditions for
all specimens were ambient laboratory temperature and pressure,
as recommended by the manufacturer for both FRP systems.

Instrumentation and Testing Setup

For the bond–slip specimens, the test was performed by placing the
concrete block in a rigid frame that prevented movement in the load
direction. Tension load was applied to the free end of the FRP lam-
inate (Fig. 1) bonded to the concrete block. The test was monotonic
until failure, with a displacement rate of 0.84mm/min.

Fig. 1. Single lap shear setup.

(a) (b) (c)

Fig. 2. Layup procedure for PU system: (a) application of PU primer; (b) placement of PU laminates; and (c) rolling of PU laminates.
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For small-scale specimens, an Instron universal testing machine
[(UTM), 825 University Ave Norwood, MA] with 1,000 kN capac-
ity was used to perform the material component (concrete cylinders
and FRP coupons) and small-scale beam tests. The concrete cylin-
ders were tested following ASTM C39 (ASTM 2018). Tensile tests
were performed on the prepared coupons following ASTM D7565
(ASTM 2017a) specifications. Each coupon was inserted into the
UTM and held by engaging the coupon end grips with UTM ser-
rated grips. A static axial clip-on extensometer with a gauge length
of 25.4mm was used to measure the axial strain of coupons at the
midlength. Tests were performed using displacement control
mode, with a rate of 1.27mm/min. The bond strength of PU compos-
ites bonded to a concrete substrate was tested following ASTM
D4541 (ASTM 2017b).

Fig. 3 shows the beam test setup for small and large-scale
beams. Three-point flexural tests were performed on the small-scale
concrete beams using an apparatus designed for the testing. The test
method, including loading configuration, concrete strength, beam,
and the dimensions of the FRP laminate adhered, was in close
agreement with the recommended test method of Gartner et al.
(2010). The apparatus had a clear span of 330mm and was fabri-
cated so that the relative displacement between the center of the
beam and the support location was determined. Three Duncan
9600 (7230 Hollister Ave., Goleta, CA) series LVDTs were used
to record the displacement, as shown in Fig. 3(a). Flexural tests
were performed on the beams using the same UTM. Also, the flex-
ural test of plain concrete beams was used for another purpose,
which was to determine the modulus of rupture (MoR) according
to ASTM C293 (ASTM 2016). The small-scale beam tests were
performed at a loading rate of 0.84mm/min.

For large-scale RC girders, four-point flexural testing was
performed using an MTS Systems (14000 Technology Dr., Eden
Prairie, MN) servo-hydraulic actuator with a capacity of 490 kN.
Two LVDTs were used to measure the midspan deflection and
one LVDT to measure the deflection at each support. The FRP
sheets were instrumented with seven strain gauges along the girder
span to measure the strain distribution in the FRP. Before the FRP
layup, the girders were cracked up to the yield point using a dis-
placement control with a rate of 5mm/min and unloaded to zero.
The strengthened girders were then loaded monotonically to failure
using the same rate.

Fig. 3(b) shows the geometry and reinforcement details for the
large-scale RC girders. A National Instruments (11500 N Mopac

Expwy Austin, TX 78759-3504) data acquisition system was used
to collect readings of UTM andMTS load and LVDT displacements.

Experimental Results

Material Test Results

Tensile tests were performed on FRP coupons to determine the
tensile strength and elastic modulus. Eight coupons were tested
for each system. The average tensile force and modulus per unit
width for the PU system were 565 and 46,020N/mm, respectively,
with standard deviations of 25.7 and 1,650N/mm, respectively. For
the EP system, the average tensile force and modulus per unit width
were 1,190 and 86,120N/mm, respectively, with standard devia-
tions of 32 and 2,230N/mm, respectively.

The concrete beams and girders were tested on different dates
but their concrete strength was approximately the same, since
there was more than 6 months between the concrete pour and the
first test, each time. Six concrete cylinders were tested for each test-
ing date. The average compressive strength for concrete was 53.4
MPa, with a standard deviation of 1.45MPa. The MoR was deter-
mined using the flexural tests of the 12 reference small-scale plain
concrete beams. The average MoR was 4.5MPa, with a standard
deviation of 0.2MPa.

Assembly Assessment Tests

Normal pull-off tests were conducted on both FRP systems. Three
specimens per system were used. The average normal pull-off
strength (failure in the adhesive layer) for the PU system was
883 kPa, which is less than the minimum typically required
(1,378 kPa) to qualify composite systems (ACI 2012). The average
normal pull-off strength for the EP system was 3,360 kPa. The fail-
ure mode for EP specimens was cohesive in the concrete.

Local Bond–Slip
For a certain load and material point, there is internal deformation
(slip), which is the relative slip between FRP laminate and con-
crete, and stress (shear stress) in the bond region. The bond–slip re-
lationship can be obtained using direct and indirect approaches.
The direct approach involves obtaining the average shear stress
between two adjacent strain gauges from basic mechanics using

(a) (b)

Fig. 3. Flexural beam experimental setups: (a) small-scale beams; and (b) large-scale RC girders.
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Eq. (1). The average slip between two adjacent strain gauges can be
determined by integrating the axial strain along the FRP laminate.
The integration is approximated using the trapezoid rule in Eq. (2)

τavg,i = Eptp
(xi+1 − xi)

(εi+1 − εi) (1)

δavg,i =
∑m−1

i=1

(εi + εi+1)

2
(xi+1 − xi) (2)

where τavg,i= average shear stress between two adjacent strain
gauges; δavg,i= average slip between two adjacent strain gauges;
Ep= elastic modulus of FRP laminate; tp= thickness of FRP
laminate; m= number of strain gauges; xi and xi+1= locations of
subsequent strain gauges; and ɛi and ɛi+1= strain readings at
subsequent strain gauges. The bond–slip relationship can then be
directly calibrated through a least-squares regression of the exper-
imental results.

An alternative (indirect) approach involves specifying the func-
tional form of the bond–slip relationship in advance. The parame-
ters are then obtained indirectly using least-squares regression on
the experimental and theoretical strain profiles. The direct approach
is sensitive to the number of strain stations and which gauges are
used to estimate the shear stress. Therefore, an indirect approach
is always preferred in bond–slip identification (Faella et al.
2009). More details about direct and indirect approaches can be
found in Faella et al. (2009).

Different bond–slip models, τ= f (δ), have been proposed in
previous work primarily based on EP composites (Neubauer and
Rostasy 1999; Nakaba et al. 2001; Monti et al. 2003; Dai and
Ueda 2003; Lu et al. 2005a; Mazzotti et al. 2008; Abdel Baky
et al. 2012). The shape of the bond–slip model is governed by
the load–displacement behavior from the lap shear test and axial
strain distribution along the FRP laminate (Lu et al. 2005a; Yuan
et al. 2004).

For the PU system in this study, the single lap shear specimens
exhibited linear load–displacement behavior until full debonding
occurred, which was characterized by a sudden drop in load (see
Fig. 4). A simple bond–slip model that represents such behavior
is similar to the linear brittle model adopted by Neubauer and
Rostasy (1999). This model proposes that shear stress is linearly re-
lated to slip until maximum shear stress is reached. The sudden
stress drop indicates that the adhesive is fully damaged.

The indirect approach was adopted to obtain the linear brittle
bond–slip parameters, which are the maximum shear stress, τ̂max,
and the maximum slip, δ̂0. The load levels were used up to the
point where the first strain reading (from the closest strain gauge
to the applied load) indicated FRP debonding. Fig. 5 shows the fit-
ted analytical strain with the experimental strain for lap shear speci-
men (SP2). The strain data are shown for several load levels in both
linear and logarithmic scales. A similar procedure was performed
on the other samples to obtain the bond–slip parameters.

In comparison with the indirect approach, the direct (conven-
tional) approach was also used. Experimental pairs of τavg,i and
δavg,i are plotted for several load levels for PU specimen (SP2) in
Fig. 6, along with the bond–slip model from the indirect approach.
These pairs (τavg,i–δavg,i) are the average values between the sta-
tions (a, b, c, d, and e) denoted in Fig. 1. It can be observed that
there is a drift in the shear stress and slip that is more pronounced
in the station close to the loaded end (station a) that is caused by the
approximation in shear stress and slip calculations; this is an inev-
itable error that depends on the spacing of the strain gauges. Fitting
a model to the direct approach results retains the challenges identi-
fied in the literature. However, it is evident for both approaches that
the PU system does not exhibit softening, like other adhesives re-
ported in the literature.

Table 2 presents the obtained bond–slip parameters for all lap
shear specimens using the indirect method. It can be seen that the
fracture (cohesive) energy, Gc, is similar to that given for other
adhesives in the literature. However, the slip is larger, which im-
plies low bond stiffness. The flexibility of PU adhesive allowed
the concrete beam to reach high flexural strength and deformability

Fig. 4. Representative load–displacement curves of single lap shear
specimens.
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Fig. 5. Distribution of experimental and fitted analytical strains in lap shear test (SP2): (a) linear scale; and (b) logarithmic scale.
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by distributing the interfacial shear stresses over a larger area and
avoiding local debonding (El Zghayar et al. 2014).

Small-Scale Specimens

Load–displacement curves for three representative controls, three
PU beams, and one EP beam are shown in Fig. 7. Detailed results
are shown in Tables 3 and 4 for control and strengthened beams,
respectively. The deformability index given in Table 4 is obtained
by dividing the maximum displacement of the PU and EP beams by
the displacement at cracking load.

For the plain unreinforced control beams, the behavior was lin-
ear elastic until the midspan crack initiated at the saw cut, when the
specimen failed. For the PU-strengthened beams, precracking be-
havior was similar to the control beams but with slight strength
and stiffness improvement, as shown in the results, owing to the

contribution of the FRP laminate. At cracking, a sudden drop in
load occurred, after which the loading increased linearly with a re-
duced stiffness until reaching the ultimate capacity of the specimen.

The average ultimate load capacities for the PU and EP beams
were 19.7 and 17.9 kN, respectively, with standard deviations of
0.44 and 0.26 kN, respectively. The EP beam exhibited a higher
cracking load and precracking stiffness than the PU beams; this
could be attributed to the higher modulus of EP composites and
the stiffer adhesive, which bridges the concrete cracks better than
PU composites. Conversely, the ultimate strength and deformabil-
ity of EP beam were 9% and 41% less than those of the PU beams.
The lower values were due to the higher bond stiffness and lower
maximum slip of the EP adhesives compared with the PU adhe-
sives. The distribution of interfacial shear stresses was limited,
owing to a shorter bond length, and increased the chances of
local debonding.

Both the PU and EP beams failed by debonding that initiated at
midspan and propagated toward one of the laminate ends, other-
wise denoted intermediate crack (IC)-induced debonding (Teng
et al. 2003). The difference was that the PU beams failed by de-
bonding in the adhesive layer (cohesive debonding), while the
EP beams failed by debonding through a thin layer of concrete
substrate.

Table 2 Bond–slip parameters for PU systems

Specimen Gc (N/mm) δ̂0 (mm) τ̂max (MPa)

SP1 0.578 0.19 6.07
SP2 0.576 0.198 5.80
SP3 0.567 0.20 5.66
SP4 0.60 0.192 6.26
SP5 0.613 0.21 5.86
SP6 0.598 0.191 6.28
Average 0.588 0.197 5.98
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Fig. 7. Load–displacement behavior of representative beams.

Table 4 Load–displacement details of the FRP-strengthened beams

Cracking Ultimate

Specimen
Load
(kN)

Disp.
(mm)

Load
(kN)

Disp.
(mm)

Deformability
index

PU-1 12.25 0.13 19.7 0.92 7.07
PU-2 11.75 0.14 19.9 0.92 6.57
PU-3 12.1 0.14 19.6 0.97 6.93
PU-4 11.9 0.14 19.2 0.94 6.72
PU-5 11.4 0.13 19.8 0.9 6.93
PU-6 11.7 0.14 19.1 1 7.14
PU-7 12.3 0.13 18.9 0.88 6.77
PU-8 12 0.14 20.6 0.94 6.72
PU-9 11.3 0.13 20.25 0.89 6.85
PU-10 11.9 0.13 19.35 0.95 7.31
PU-11 11.7 0.14 19.9 0.93 6.65
PU-12 11.25 0.14 19.5 0.91 6.5
Average 11.8 0.136 19.7 0.93 6.85
EP-1 16.6 0.18 18.1 0.76 4.11
EP-3 16.2 0.2 17.6 0.74 3.89
EP-3 16.9 0.18 18.2 0.76 4.2
Average 16.6 0.187 17.9 0.75 4.03

Table 3 Load–displacement details of the control plain beams

Cracking properties

Specimen Load (kN) Deflection (mm)

C-1 9.2 0.13
C-2 9.6 0.13
C-3 9.4 0.12
C-4 9.5 0.11
C-5 9.0 0.13
C-6 9.5 0.12
C-7 9.8 0.13
C-8 10.4 0.12
C-9 9.2 0.12
C-10 9.25 0.11
C-11 10.2 0.12
C-12 9.4 0.12
Average 9.5 0.12Fig. 6. Shear stress–slip points (SP2), as determined by conventional

methods.
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The failure mode of PU is different from those in most conven-
tional FRP applications (using EP composites). ASTM D7522
(ASTM 2015) attributes the mode to poor properties of an adhe-
sive layer that might be due to incomplete curing. Although
ASTM D7522 (ASTM 2015) states that the mode is not desirable,
the results of the PU system in the testing program showed that
similar or higher ultimate strengths were, in fact, achieved, com-
pared with the EP system. The nuance here is that the PU failure
mode is extremely consistent, whereas the ASTM D7522 (ASTM
2015) is based on a guard against improper curing or mixing (with
the implication that bonding will not be complete along the
bonded area).

Fig. 8 shows a comparison between the failure surfaces of PU
and EP composites bonded to concrete beams. There is a clear dis-
tinction between both systems, where EP debonding occurs
through a thin layer of concrete in the vicinity of the bond.

Large-Scale Specimens

Fig. 9 shows the load–displacement behavior of the large-scale RC
girder tests. The control RC girder behaved as expected under
increasing displacement: flexural cracking in the tension zone, fol-
lowed by longitudinal bar yielding and failure by concrete crush-
ing. After that, the girder was loaded until one of the longitudinal
bars ruptured. The three FRP-RC girders exhibited increased stiff-
ness and ultimate load compared with the control girder. Both the
PU and EP girders had similar global behavior, with the PU girders
exhibiting nominally larger capacity than the EP girder. All FRP-RC
girders failed by debonding that initiated from the midspan and prop-
agated to the supports, as shown in Fig. 10. As with the small-scale
beams, the debonding occurred in the adhesive layer for the PU gird-
ers and in a thin layer of the concrete substrate for the EP girder. The
ratio of the capacity of the strengthened girders to the control girder
was approximately 2.0 for all specimens.

Although the global behaviors of the two FRP composite
systems were similar, the bond behavior of the two FRP systems
was different when the strain data from the FRP composites were
analyzed. Fig. 11 shows the strain distribution along the FRP
laminate for the strengthened RC girders at two loading stages,
measured from the centerlines of the girders. At low load, the
strains in the PU laminate were close to those in the EP laminate,
with slightly higher values, owing to the difference in the stiffness
between the two systems.

With further increases in load nearing debonding, the strain
difference between the midspan strain and strains closer to the
supports was much larger in the EP system than in the PU system.
This indicates that increased localized stresses in the bond are more
evident in the stiffer EP composites. The flexibility of the PU com-
posite (bond and FRP laminate) allowed a better distribution of the

forces along the FRP sheet. A better stress distribution along the in-
terface between the FRP and composite allowed a higher perfor-
mance of the composite system, preventing localized concrete
failure at the bond line.

Validation of Bond–Slip Model

To validate the presented bond–slip model, a two-dimensional (2D)
FE model was created to simulate the small-scale flexural test.
The general purpose FE software MSC.MARC was used to de-
velop the model for both the plain and PU-strengthened beam
small-scale flexural tests. The concrete beam was modeled using
plane stress elements (quadrilateral element, Q4) with dimen-
sions 100 mm× 406 mm and an out-of-plane thickness of 100
mm. The FRP laminate was modeled using a plane stress ele-
ment (quadrilateral element, Q4) with dimensions 254 mm ×
1.3 mm and an out-of-plane thickness of 50 mm. The adhesive
layer was modeled using an interface element (cohesive zone
quadrilateral element that simulates the onset and progress of de-
lamination) with dimensions 254 mm× 0.51 mm and an
out-of-plane thickness of 50 mm. The constitutive behavior of
these elements is expressed in terms of tractions versus relative
displacements between the top and bottom edges or surfaces of
the elements. The dimensions were the average measured values
from the concrete beams tested in the study.

The boundary conditions were applied at 38mm from each
side of the beam on the bottom face. The right support was a
roller (fixed x displacement), and the left support was a pin (fixed
x and y displacement). The simply supported beam had a point
load located at the top center of the beam (simulating three-point

(a) (b) (c) (d)

Fig. 8. Debonding in PU and EP systems: (a) debonding surface in EP, laminate side; (b) debonding in PU, laminate side; (c) debonding in PU,
concrete side; and (d) debonding in PU, strengthened beam.
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Fig. 9. Load–displacement behavior of large-scale RC girders.
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load configuration). Analysis was performed using displacement con-
trol. A locally refined mesh was used in both directions (see Fig. 12).

Larger elements were used in low-stress locations, such as the
cantilevered parts of the concrete beam. Starting from the CFRP lam-
inate end locations, horizontal element sizes were reduced
approaching the beam center. This location was anticipated to exhibit
concrete stresses in excess of the cracking stresses, and high stresses
were expected to develop in the adhesive and CFRP laminate.
Vertical element refinement increased near the bottom of the beam.
The largest element dimension was 6.35mm, which was less than
the aggregate size (9.5mm), while the smallest size created in the
model was 1.6mm, for all element types at the midspan location.

Material Constitutive Laws

The critical region in the concrete beam is the tension face near the
midspan, where the crack initiates and propagates upward, owing
to the development of high tensile stresses. If the maximum princi-
pal stress exceeds the concrete tensile strength, a crack initiates in a
perpendicular direction to the maximum principal stress. Concrete
behavior in tension was modeled using the linear softening model.
The softening portion of the model allows the concrete to carry load

(a) (b)

Fig. 10. Failure modes of large-scale RC girders: (a) PU girder; and (b) EP girder.
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Fig. 11. Strain distribution along FRP laminate in large-scale RC
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Fig. 12. FE mesh and boundary conditions.
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Fig. 13. Numerical and experimental load–displacement curves for
control beams.
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Fig. 14. Numerical and experimental load–displacement curves for
PU-strengthened concrete beams.
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after the maximum principal stress exceeds the concrete tensile
strength.

The concrete elastic modulus Ec and Mode I fracture energy
of concrete Gf can be used to determine the parameters of the linear
softening model. The ACI-318 (ACI 2019) expression, 4, 700

���
f ′c

√
,

was used to determine Ec. The CEB-FIP Model Code (CEB-FIP
1993) expression, Gfo( fc′/10)

0.7, was used to estimate Gf. The con-
crete compressive strength fc′ is in MPa units, and Gfo is a factor
that depends on the maximum aggregate size, which is 0.025 for
the aggregate used in the study.

The ultimate crushing strain was set to 0.003. The concrete
Poisson’s ratio under uniaxial compression is in the domain
0.15–0.22 (Hu et al. 2004); 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, ranging between 0 and 1 (Lu et al.
2006; Hu et al. 2004). A shear retention factor of 0.01 was used
in this study, based on a sensitivity analysis that was performed
on the control concrete beams. FRP material behavior is linear
until failure; therefore, only the elastic modulus, Poisson’s ratio,
and ultimate stress were used for FRP laminate modeling. The re-
ported tensile properties of the PU system were used for modeling.
A Poisson’s ratio of 0.2 was used. The adhesive layer (bond) was
modeled using the adopted bond–slip model and its properties.

Fig. 13 depicts both experimental and numerical load–displace-
ment curves for the control beams, and indicates that the constitutive
model calibration captured the cracking behavior of the concrete.
Fig. 14 depicts both experimental and numerical load–displacement
curves for the small-scale PU-strengthened beams. The FE curve ex-
hibits the same cracking load, ultimate load, and post-cracking stiff-
ness as the experimental curve, indicating that the constitutive
models, particularly the bond–slip model, are sufficient to represent
the behavior of FRP-strengthened concrete beams. The numerically
predicted flexural crack initiated at the saw cut and propagated up-
ward, matching the experimental test. In addition, the ultimate dis-
placement at failure of the FE analysis was similar to the response
of the experimental specimens, with the failure mode governed by
debonding in the cohesive zone elements.

As seen from the bond–slip results, PU has lower bond stiffness
and larger shear slip capacity than that of stiffer EP adhesives.
To demonstrate the impact of the different adhesives on the global
load–displacement behavior of the strengthened small-scale beams,
the created FE model was utilized to obtain the shear stress devel-
opment in the adhesive along the length of the beam. The compar-
ison is shown in Fig. 15. It can be seen that the PU adhesive
distributes the interfacial shear stresses over a larger area than
EP. Therefore, the rate of PU debonding is slower than that of

EP, thus allowing the concrete beam to reach comparable or higher
flexural strength and deformability.

Conclusions

The experimental study presented in this paper was developed to
investigate the flexural behavior of PU composites externally ap-
plied to concrete beam tension soffits. The study program included
tests of small-scale beams with no steel reinforcement, small-scale
FRP-strengthened beams (without steel reinforcement), single lap
shear concrete specimens bonded with FRP, and large-scale RC
girders strengthened with FRP. The testing program characterized
the load-carrying capacity and deformability of PU-strengthened
beams compared with EP-strengthened beams.

The PU system employed in the study showed a higher load ca-
pacity and deformability than the EP system for both small- and
large-scale RC specimens. The failure mode was, consistently, de-
bonding through the adhesive layer for all PU small-scale and
large-scale beams.

Single lap shear tests were performed on six concrete specimens
bonded with PU composites to investigate the bond behavior.
Strain profiles indicated that a linear brittle bond–slip model best
describes PU bond behavior. Bond properties were determined
by fitting the experimental strain to the analytical strain profile
using least-squares regression. The PU adhesive utilized in this
study showed lower bond stiffness and higher slip than other adhe-
sives reported in the literature (mainly EP), allowing a better distri-
bution of interfacial shear stresses over a larger area and decreased
localized debonding. The effective redistribution of local shear
stress was observed in the overall load–deflection behavior where
the beam strength and deformability was improved compared
with EP-strengthened beams.

The bond–slip model was utilized in FE analysis of the beams in
the study. FE responses, such as ultimate load and post-cracking
stiffness, showed close agreement with the experimental results.
The dependency of these two characteristic responses on an accu-
rate bond–slip model further verifies the validity of the local bond–
slip functional form and parameters specific to the PU utilized in
the study. The cracking load and initial stiffness also showed
close agreement with the experimental values. Some minor differ-
ences were exhibited, owing to the complex behavior of concrete
and its effect on these two characteristics.

While the PU failure mode, normal bond strength, and bond
stiffness and strength do not conform to current guidelines devel-
oped for qualifying EP systems, the experimental and analytical
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Fig. 15. Interfacial shear stress development along the interface: (a) PU beam; and (b) EP beam.
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results demonstrated the flexural behavior of the PU-strengthened
concrete beams to be preferable. More research is necessary to
characterize the dependence of the cracking and failure loads on
the properties of the adhesive. Specifically, adhesive failure ne-
cessitates a broader study of the environmental durability of
PU-strengthened beams, but also provides a mechanism for tun-
ing the performance of the composite strengthening system.
Also, the flexibility of PU adhesives demands future research
on temperature and creep rate behavior.
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