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Polyurea coating helps improve the ductility and toughness of structural members. A fiber-reinforced polyurea (FRPU) composite
provides high load-carrying capacity and is applied by simply spraying it onto the member surface. Unlike existing reinforcement
approaches, the FRPU coating method can prevent the ductility of concrete beams from deteriorating and the concrete surface
from debonding. In this study, 20 concrete beams were tested with respect to their load-carrying capacity and flexural ductility
using polyurea or FRPU reinforcement.)e test variables included the type of reinforcing fibers, coating thickness, and weight-to-
content ratio of the fibers in the FRPU. Moreover, the load-carrying capacity and mechanical behavior of all specimens were
compared according to the content of the steel fibers, milled glass fibers, or carbon nanotubes (CNTs). Specimens reinforced using
polyurea or FRPU were confirmed to retain the load-carrying capacity and flexural ductility to a certain degree after concrete
failure at the tension face of the midspan section. )e concrete beams ultimately failed through the fracture of polyurea or FRPU
without debonding. Experiments were conducted to illustrate the strengthening effect by FRPU and determine its superiority.

1. Introduction

Elastomers are a class of polymetric materials. An elastomer
has viscoelasticity, with a low elastic modulus and high yield
strain. Polyurea is an elastomeric polymer derived from the
rapid reaction of an isocyanate component and polyamine
and is considered a versatile material. It has been utilized as a
flooring and waterproofing material to prevent shrinkage
when drying. It has a high tensile strength, elongation, and
the capability to absorb the energy generated through dy-
namic and impulsive blast loading. In addition, it represents
a good adhesion to concrete and can increase the toughness
and flexural strength of the concrete, decreasing the stiffness.
Polyurea coatings combine high flexibility with hardness
and high elasticity with a high surface hardness.

Owing to the increased loading requirements, change in
use, and structural deterioration, the structural performance
can be recovered using retrofitting techniques. Building
structures need to be evaluated and effectively implemented,

with economical repair and strengthening capabilities.
Polyurea achieves flexural and shear reinforcement for
structural members rather than blast or impact mitigation
[1] and can improve the seismic performance of structures,
controlling the plastic hinge occurrence, increasing the
deformation capacity and dissipated energy, strengthening
or changing the structural system, and enhancing the lateral
stiffness. Marawan et al. [2] observed an increase in the
flexural and shear capacity of small- and large-scale beams
strengthened using a sprayed polyurea system depending on
the thickness of the polyurea applied. Parniani and Toutanji
[1] investigated the behavior of concrete beams strengthened
using a polyurea coating system. )ey found that the poly-
urea coating system increases the flexural capacity and
ductility of reinforced concrete beams. Kamonchaivanich
et al. [3] compared the flexural strength of a back-coated
ceramic with polyurea of a lower and higher modulus.

Structural-strengthening techniques include a section
enlargement, a reinforced jacketing of externally bonded
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steel elements, fiber reinforced polymer (FRP) composites,
and other factors. )ere have been numerous studies related
with an enhancement of the load-carrying capacity and
ductility of a concrete member using FRP, which has been
utilized in repairing and strengthening aged and perfor-
mance-deteriorated structures, including their end of service
life, steel corrosion, and concrete spalling. FRPs of a high
tensile strength and low weight fail through concrete cover
separation and interfacial debonding. Numerous analytical
models have been developed to describe the mechanical
characteristics of concrete externally confined with FRP
composites [4–10].

)e FRP composites are made up of fibers with a high
tensile strength embedded in an epoxy matrix. An explicit
bonding to achieve sufficient adhesiveness between the FRP
composites and concrete structures is required for trans-
ferring the stress among them. Gideon and Alagu-
sundaramoorthy [11] studied the flexural behavior and
failure mode of concrete beam prototypes with a high shear
span ratio externally bonded using carbon fiber-reinforced
polymer (CFRP) laminates. Li et al. [12] determined that
the variation in shear capacity of a strengthened beam
depends strongly on the strengthened area. Alferjani et al.
[13] observed that an epoxy resin is favorable in
strengthening and an end anchorage is needed to eliminate
debonding failures. FRP-strengthened beams exhibit
debonding failure modes at the end of the beams without
an end anchorage and a rupture of the FRP in beams with
an end anchorage [14–21]. Uomoto et al. [22] introduced
FRP composites to combine the structural and durability
characteristics of FRPs as reinforcement in concrete con-
structions. Mahiyar and Soni [23] observed that the uti-
lization of an FRP grid is extremely effective in enhancing
the flexural strength of concrete.

FRPU is a composite used to mix elastic polyurea with
fibers for a more enhanced load-carrying capacity and
greater mechanical properties. FRPU coating systems can
yield a multihazard retrofit material suitable for aging
structures. Such systems must be useful in repair and retrofit
applications for strengthening the structural capacity, im-
proving the seismic performance, and mitigating blast and
impact damage.

A polyurea or FRPU spraying method can prevent the
debonding of FRP or steel plates from concrete surfaces and
retain sufficient ductility. )e fiber addition provides im-
proved stiffness and strength to a composite system, whereas
polyurea provides ductility. Greene and Myers [24] inves-
tigated the flexural and shear reinforcement capabilities of
the systems provided by externally applied discrete fiber-
reinforced polyurea (DFRP) coating systems. A DFRP
system is a composite system used to simultaneously spray
polyurea and chopped glass fibers into a spray pattern. A
measurable strengthening in terms of both flexural and shear
capacity, along with substantial gains in ductility, was found.
In addition, they mentioned that an increased fiber length
significantly reduces the ductility. Carey and Myers [25] also
considered the addition of discrete chopped fibers to the
polyurea for additional strength and a more developed fiber
characterization of the polyurea system.

)e present study investigates the applicability of FRPU
when containing fiber reinforcements such as milled glass
fibers, steel fibers, and carbon nanotubes (CNTs).)is can be
expected to enhance the load-carrying capacity and improve
the ductility. Concrete beam tests were conducted to
compare the load-carrying capacity and mechanical be-
havior depending on the reinforcing materials, spray
thickness, and fiber weight-to-content ratio. It was observed
that the specimens reinforced using polyurea or FRPU retain
the additional load-carrying capacity and flexural ductility
after a concrete failure at the tension face of the midspan
section. )e concrete beams ultimately failed through a
fracture of polyurea or FRPU without debonding. )e ex-
periment results illustrate the reinforcement effect from the
FRPU and the superiority of its application.

2. Experiment

2.1. Polyurea and FRPU. FRPU is manufactured by mixing
the polyurea of a prepolymer and hardener with fibers. )e
FRPU moves through the hose after a premixing of the
prepolymer and fiber and is simply sprayed onto the surface
of the structural member using a high-pressure spray gun
with a hardener.)e constituents of the polyurea used in this
experiment are shown in Table 1.

)ree types of fibers, namely, steel fibers, CNTs, and
milled glass fibers, were considered during this experiment.
Steel fibers are filaments of wire, deformed and cut to various
lengths, for the reinforcement of concrete, mortar, and other
composite materials. CNTs are utilized as a powder re-
quiring high strength, durability, and lightweight properties
as compared to conventional materials. Milled glass fibers
are made by cutting E-glass fibers into short pieces. E-glass
fibers have an excellent electrical insulation property, can be
processed into various shapes, and are mainly applied in the
reinforcement of plastics. )is is effective in improving not
only the strength but also the surface conditions and di-
mensional stability. )is experiment utilizes milled glass
fibers of 300 μm in length.

As the first step of FRPU spraying, a primer is painted
onto the surface of the concrete member, as shown in
Figure 1(a), after the laitance, foreign substances, and pol-
lutants are removed to improve the bond performance. After
curing for 24 h, the prepolymer and fibers are mixed and
stirred, as shown in Figure 1(b), and the premixed pre-
polymer and fibers are sprayed along with a hardener onto
the member surface through the hose of a high-pressure
spray gun, as shown in Figure 1(c). After the FRPU coating,
the coating is finished with a primer painting, as shown in
Figure 1(d). )e FRPU coating technology is completed
simply and strongly bonded to the member.

2.2. Specimens. Twenty concrete beams without reinforcing
bars are prepared for testing. )e specimens are designed
using a polyurea-reinforced control beam and FRPU-rein-
forced beams. )e parameters of the experiment include the
type and weight-to-content ratio of the fiber and the
spraying thickness. )e thickness effect of single (3mm) and
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double (5mm) spraying is considered, and the weight-to-
content ratio of the fiber is established as 5%, 7%, and 10%
for steel and glass fibers, and 2%, 4%, and 6% for CNTs. )e
low ratio of the CNTs occurs because of the high cost and
high volume from a due to low specific gravity. )e steel
fibers of 5mm in length are scattered before the polyurea is
sprayed owing to their difficulty in passing through the
hose. )e specimens are classified using the sign shown in
Figure 2. In the figure, the characters S, F, and C denote the
steel fibers, milled glass fibers, and CNTs, respectively. In
addition, the next number is the weight-to-content ratio of
the fibers, and the next numbers 1 and 2 denote the spraying
thicknesses of 3 and 5mm, respectively. )e physical
properties of FRPU reinforced using 2% CNTs are shown in
Table 2. As the table indicates, the FRPU has a tensile
strength of 12N/mm2 and an extension rate upon rupture of
240%. In addition, an improved flexural strength and
ductility are expected.

)e five-week compressive strength of concrete after
concrete casting is 28MPa. )e test beams are strengthened
using polyurea or FRPU spraying three days in advance. )e
polyurea and FRPU act as a lateral reinforcement, leading to
an enhanced strength and ductility. However, a polyurea-

Table 1: Constituents of polyurea.

Chemicals Content (%)

Prepolymer

α-(2-Aminomethylethyl)-ω-(2-aminomethylethoxy)poly[oxy(methyl-1,2-ethanediyl)] 60∼70
Ar,ar-diethyl-ar-methylbenzenediamine 20∼30

Poly[oxy(methyl-1,2-ethanediyl)], α, α′, α′′-1,2,3-propanetriyltris[ω-(2-aminomethyl-ethoxy)- 1∼10
Titanium dioxide 1∼2.7

1,4-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester 1∼10
etc. 1∼10

Hardener Polyurethane resin 90∼100
4-Methyl-1,3-dioxolan-2-one 1∼10

(a) (b)

(c) (d)

Figure 1: FRPU spraying operation: (a) primer painting; (b) mixing of prepolymer and fibers; (c) FRPU spraying; (d) primer painting.

Spraying thickness, 1 : 3mm, 2 : 5mm 

S 5 1

Weight content ratio
S : steel fiber
F : glass fiber
C : carbon nanotude
PO1 : polyurea of 3mm thickness
Plain : no reinforcement

Figure 2: Specimen sign.
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reinforced concrete cylinder may be subjected to an ec-
centric load, and its accurate compressive strength can
rarely be measured because the polyurea cannot be sprayed
with a constant thickness along the circumferential surface.
Figure 3 shows the failure mode of a polyurea-reinforced
concrete cylinder through eccentric loading with an irreg-
ular expansion of the concrete cylinder. In addition, it is
shown that the polyurea constrains the inner core concrete
and fails by a loosening of the polyurea used to enclose the
concrete pieces. )is indicates that polyurea is effective in
enhancing the ductility without a debonding.

Concrete beams of size 150mm× 150mm× 150mm for
testing the flexural strength are manufactured without
reinforcing bars, and the load is applied at two points on the
beam, as shown in Figure 4. )e experiment results indicate
the flexural performance including the load-carrying ca-
pacity and flexural ductility. )e initial crack begins at the
bottom face of the midspan section. )e unreinforced
concrete beam simultaneously fails with the advent of the
initial cracking because of the low tensile strength of the
concrete. )e polyurea- and FRPU-reinforced concrete
beams exhibit an abrupt reduction in the flexural strength the
moment the initial cracking occurs. However, the load after
the initial cracking gradually increases and is carried by the
polyurea or FRPU on the tension side. )e specimens reach
the second peak load. )e additional cracks are gradually
propagated and widen around the midspan with an increase
in the load. )e polyurea or FRPU controls the development
of cracks without peeling from the concrete surface.

Table 3 shows the peak load-carrying capacity, the
second peak load, and the flexural ductility. )e flexural
ductility of the test beams is estimated based on the area
under the load-deflection curve prior to failure. In addition,
its ratio is calculated by dividing the ductility of FRPU-
coated beams through the ductility of the polyurea-coated
control beam. )e peak load-carrying capacity ratio is de-
termined as the peak load-carrying capacity of the polyurea-
and FRPU-reinforced concrete beams with respect to that of
the control beam. )e peak load-carrying capacity of the
FRPU-reinforced specimens was shown to be 1.0–1.53,
which is as high as that of the polyurea-reinforced speci-
mens, except for C62. )e low-density CNTs have a high
volume in FRPU. )is can therefore lead to a discontinuous
load-transferring path owing to the unevenness of the CNTs
and the deteriorated flexural strength. In addition, all
specimens except S51 represent a more improved flexural

ductility. )e cause of the insufficient ductility of the S51
specimen is due to the uneven distribution of steel fibers
owing to their nonuniform scattering prior to the spraying.
After the occurrence of a concrete crack, the beam carries the
additional load and reaches the second peak load. As in-
dicated in Table 3, the second peak loads of the FRPU-
reinforced specimens are higher than those of the polyurea-
reinforced specimen, which is the reinforcement effect from
the fibers.

Figure 5 shows the failure modes of the specimens. Upon
initial loading, the flexure-resisting capacity is retained by
the concrete, as well as the polyurea or FRPU. Upon the
occurrence of the concrete cracks, the load abruptly dete-
riorates. Without a polyurea or FRPU reinforcement, the
concrete beams abruptly fail under a load. )e flexural
capacity after the concrete cracks occurs is retained to a
certain degree or even increased owing to the tensile strength
of the polyurea or FRPU.)e polyurea- or FRPU-reinforced
concrete beams display a gradual increase in flexural duc-
tility and deflection prior to ultimate failure. It was shown
that the strengthened concrete beams ultimately fail through
a fracture of the polyurea or FRPU.

Figure 6 shows the load-deflection curves of the speci-
mens depending on the fiber types for a spray thickness of
3mm. )e plots are divided into three groups: (a) group 1 is
CNTs strengthened by 2%, or milled glass or steel fibers
strengthened by 5%, (b) group 2 is CNTs strengthened by
4%, or milled glass or steel fibers strengthened by 7%, and
(c) group 3 is CNTs strengthened by 6%, or milled glass or

Table 2: Physical properties of FRPU containing 2% CNT.

Item Specification Result
Amount of water absorption (g)

KS F 4919
0.4

Water permeability resistance No penetration at 0.3N/mm2 water pressure
Moisture permeability (m) 3.0
Permeation resistance of chloride ion (Coulombs) KS F 4936 28
Tensile strength (N/mm2)

KS F 4922
12

Extension percentage at rupture (%) 240
Bond strength (N/mm2) 2.3
KS: Korean Standards.

Figure 3: Failure mode of polyurea-reinforced concrete cylinder.
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steel fibers strengthened by 10%. We assume that the beams
ultimately fail when the load abruptly decreases after
retaining sufficient ductility since the crack occurrence. It

was found that the polyurea- or FRPU-reinforced specimens
retain sufficient flexural ductility owing to their expansi-
bility. )e specimens of group 1 in Figure 6(a) exhibit a

Table 3: Summary of experimental results.

Specimen
Load-carrying capacity

Second peak load (kN)
Flexural ductility

Peak (kN) Ratio Ductility (kN·mm) Ratio
C21 24.41 1.20 10.35 138.36 1.98
C22 20.34 1.0 8.78 69.7 1.0
C41 21.49 1.06 13.43 135.6 1.95
C42 23.96 1.18 23.72 227.45 3.26
C61 23.1 1.14 15.85 160.1 2.30
C62 18.98 0.93 12.97 102.09 1.46
F51 22.25 1.09 11.61 97.74 1.40
F52 22.79 1.12 17.3 190.85 2.74
F71 23.99 1.18 22.6 231.77 3.32
F72 31.19 1.53 31.2 355.9 5.10
F101 23.2 1.14 20.38 188.33 2.70
F102 22.55 1.11 18.65 147.17 2.11
S51 21.45 1.05 13.6 58.56 0.84
S52 24.63 1.21 20.8 120.1 1.72
S71 22.12 1.09 17.38 116.57 1.67
S72 27.01 1.33 27.02 254.5 3.65
S101 21.43 1.05 15 85.4 1.22
S102 30.5 1.50 30.5 228.53 3.28
PO1 20.34 1.0 8.75 69.7 1.0
Plain 20.86 2.27

(a) (b)

(c) (d)

Figure 5: Failure mode of specimens: (a) PO1; (b) C21; (c) F51; (d) S51.

150 150

Composite polyurea

150

150

15
0

P

Figure 4: Loading system of concrete beam (unit: mm).
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similar load-deflection relationship prior to a concrete crack.
Specimen C21 reinforced by CNTs also exhibits sufficient
ductility. )e specimens P1, F51, and S51 resist a load with a
constant magnitude after a crack occurrence. )e steel fibers
of 5mm in length are manually scattered on the beam
surface prior to the polyurea spraying, and their even dis-
tribution cannot be expected. )us, specimen S51 abruptly
fails and exhibits little ductile behavior. It was found that the
specimens reinforced by milled glass fibers or CNTs retain
more load-carrying capacity and flexural ductility than those
using polyurea only. )e specimens of group 2 in
Figure 6(b), which contain more fibers than those in group 1
in Figure 6(a), show a higher second peak load and more
flexural ductility. Specimen C41 exhibits an abrupt load
deterioration after the second peak load although the
ductility is retained to a certain degree. )e load deterio-
ration in specimen C41 is caused by the uneven thickness of
the FRPU and the uneven distribution of the CNT. It is
difficult to obtain a precise and constant thickness because
the spraying operation is manually conducted by experts. In
addition, it is not easy to evenly disperse the fibers on the
concrete surface. It has been shown that specimen F71 re-
tains a high strength after concrete cracks occur, and thus
the second peak load nearly reaches the peak load with an
increase in the deflection. In group 3 in Figure 6(c), the
specimen reinforced by steel fibers abruptly fails at a lower
load than that in group 2. It has been estimated that an
abrupt failure and low ductility are due to more irregular
scattering with an increase in the weight-to-content ratio. It
has been observed that the reinforcement by steel fibers has a
limitation in the spraying operation regardless of the weight-
to-content ratio. )e specimen reinforced by CNTs in group
3, shown in Figure 6(c), exhibits a higher load-carrying
capacity and more ductility after the cracking than that in
group 2. )e CNTs have a higher cost than the other fibers.
In addition, the F101 specimen strengthened by milled glass
fibers retains more load-carrying capacity and flexural
ductility with an increase in the weight-to-content ratio.

Figure 7 shows the load-deflection curves of the speci-
mens reinforced by FRPU of 5mm in thickness. )e load
abruptly reduces upon the occurrence of the first flexural

concrete cracking. After this stage, the load is resisted by the
FRPU at the flexural tension face and gradually increases
with the deflection. Compared with specimens of 3mm in
thickness, the increase in spraying thickness leads to an
enhancement in the load-carrying capacity as well as the
flexural ductility. )is is due to the increase in the tension-
resisting area and the corresponding force. )e plots also
indicate that the toughness and dissipated energy increase
with an increase in the weight-to-content ratio. )e speci-
mens reinforced by steel fibers exhibit an enhanced peak
load-carrying capacity with an increase in the weight-to-
content ratio and the highest flexural ductility at the weight-
to-content ratio of 7%. However, it is difficult to state that
the most effective ratio is 7% because of the uneven coating
thickness of the FRPU and the nonuniform distribution of
the steel fibers. )e concrete beams reinforced by 2% or 6%
CNTs rarely display more load-carrying capacity and flex-
ural ductility than at a weight-to-content ratio of 4%. Based
on the synthetic prediction shown in Figure 7, we can predict
that the optimum weight-to-content ratio is approximately
4%. )e specimens containing milled glass fibers depending
on the weight-to-content ratio exhibit an extremely similar
tendency as those using CNTs. )e optimum weight-to-
content ratio of glass fibers should be approximately 7% in
terms of economy and strength.

Figure 8 compares the strengthening effect depending on
the weight-to-content ratio of the reinforcement fibers and
coating thickness. It can be expected that the load-carrying
capacity and flexural ductility should be enhanced with an
increase in the coating thickness or weight-to-content ratio
because of the increased flexure-resisting strength. However,
the C2, C6, and F10 series specimens represent the deterio-
rated load-carrying capacity and flexural ductility despite the
increased coating thickness. It can be estimated that the results
are derived from the uneven thickness of the FRPU, as well as
the discontinuous and nonuniform distribution of the fibers.
)e specimens reinforced by steel fibers exhibit an enhanced
load-carrying capacity and flexural ductility. However, the
specimens of the S10 series represent less flexural ductility
than of the S7 series because of the nonuniform distribution
through an excessive steel fiber content. It has been
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Figure 6: Load-deflection curves (spraying thickness of 3mm): (a) group one; (b) group two; (c) group three.
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demonstrated that the specimens of the C4, F5, and F7 series
retain a stable load-carrying capacity and flexural ductility
upon the variation of the coating thickness and weight-to-
content ratio of the fibers in comparison with the other
specimens. It can be concluded from the experiments that the

FRPUmethod reinforced by 5% or 7%milled glass fibers is the
most effective in terms of the economy, strengthening, and
construction of all reinforcements.

)is observation can be seen in Figure 9, which shows
that the 4% CNTspecimens have an enhanced load-carrying
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Figure 7: Load-deflection curves (spraying thickness of 5mm): (a) group one; (b) group two; (c) group three.
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capacity and flexural ductility. In addition, the specimens of
5% or 7% milled glass fibers exhibit stable results in en-
hancing the load-carrying capacity and flexural ductility.
)e specimens reinforced by steel fibers show an enhanced
load-carrying capacity and flexural ductility with an in-
crease in the coating thickness. However, this strength-
ening method has difficulty in terms of spraying, and a
definite increase in the load-carrying capacity and flexural
ductility can rarely be expected owing to the discontinuous
flexural loading path through the nonuniform distribution
of the steel fibers.

3. Conclusions

)is study investigates the applicability of the FRPU
coating technique in the retrofitting of concrete structures.
)e FRPU coating approach can avoid a failure by
debonding from the concrete surface. )e test parameters
include the fiber type, such as glass, carbon, and steel fibers,
the coating thickness, and the fiber weight-to-content ratio.
)e reinforcement by steel fibers has a limitation in terms
of a spraying operation regardless of the weight-to-content

ratio, because fibers should be manually scattered on the
member surface prior to spraying. )e FRPU approach
when applying CNTs has a difficulty in terms of the flexural
capacity, because the low-density CNTs make up a high
volume of the FRPU, which is a disadvantage owing to the
expansiveness. )e specimens with 5% or 7% milled glass
fibers exhibit stable results in enhancing the load-carrying
capacity and flexural ductility. )is experiment indicates
that the FRPU coating approach using milled glass fibers is
more effective than the application of CNTs or steel fibers
for enhancing the load-carrying capacity and improving
the flexural ductility.
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(d) glass fiber-ductility ratio; (e) steel fiber-load ratio; (f ) steel fiber-ductility ratio.
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