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ARTICLE INFO ABSTRACT

Keywords: Flexural strengthening of reinforced concrete (RC) beams with fiber reinforced polymer (FRP) was investigated
GFRP in this research. The bonding agents were an epoxy paste and a sprayed polyurea. Four RC beams were
Grid strengthened with FRP composites according to the following techniques: (a) sprayed polyurea with and without
fr‘[’llpyrl:ger?ation glass FRP (GFRP) grid reinforcement; (b) manual layup with one GFRP grid; and (c) manual layup with one GFRP
Reinforced concrete sheet. Experimental results clearly shows that flexural strengthening with polyurea technique is an effective
Strengthening scheme. Other than fast setting, the major advantages of using polyurea over other organic or inorganic matrices

are as follows: (a) no slippage of the FRP grid from the polyurea or cracking of the polyurea occurred during the
tensile test; (b) no debonding of the polyurea system from strengthened RC beams was observed during the
bending test. Application of the polyurea system, key experimental results, and comparison with findings from
other research programs reported in literature are presented in this paper.

1. Introduction

The use of fiber reinforced polymer (FRP) composites is now a
widely-accepted solution for the strengthening of reinforced concrete
(RC) members. FRP systems, which are typically made of carbon, glass,
PBO, basalt, or aramid fibers, offer suitable combination of mechanical
properties for RC strengthening applications, which include: (1) low-
weight, (2) immunity to corrosion; and (3) excellent mechanical
strength and stiffness in the fiber direction. In addition, FRP systems can
be custom tailored and are easy to handle and install, producing effec-
tive strengthening solutions that are economical [1-4]. However, some
drawbacks exist with the use of externally bonded FRP, including: poor
performance of the polymer matrix at high temperature or in presence of
fire, difficulty to bond on a wet concrete substrate, and lack of perme-
ability when the substrate necessitates to release moisture such as in
historical structures [5,6]. Therefore, alternative strengthening systems
with cement-based matrix, known as fabric reinforced cementitious
matrix (FRCM) have been studied in recent years [6-8]. FRCM is also
called textile reinforced mortar (TRM) or engineered cementitious
composites (ECC).

Direct tensile test employing clevis grid or clamping grid system has
been conducted to characterize the material properties of FRCM

composites. The experimental stress—strain response varied according to
the properties of the different constituents of the composite and fol-
lowed a bi-linear or tri-linear behavior [9-12]. The relationship may
generally be divided in two phases: (1) before cracking, the tensile load
was carried by the matrix and the fabric, and (2) after cracking, the load
is gradually transferred to the textile reinforcement. As the ultimate
strain of the cementitious matrix is generally smaller than that of the
fabric, the matrix fails long before the reinforcement reaches the tensile
strength [13].

Carozzi and Poggi [10] reported that the ultimate strain of FRCM at
failure was lower than that of fabric measured in the tensile test. Orosz
et al. [5] found that the rupture strain of the fabric in strengthening of
RC beams with FRCM was around 50% of the ultimate strain recorded
from coupon tests in tension. Generally in strengthening RC beams with
different fibers and inorganic matrices, failure mainly is due to
debonding of the strengthening system at a strain of the fibers or fabric
that is much smaller than their ultimate strain [6,14,15].

In order to improve the bond between filaments inside yarns and
between mortar matrix and yarns, the dry fabric can be impregnated
with an organic resin to create an FRP grid before the mortar matrix
application [5,9,16]. It was reported that the tensile strength and shear
bond strength of FRCM were increased after the fabric was coated or
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impregnated [17]. A few research programs have been conducted to
investigate the flexural performance of RC beams retrofitted with
impregnated FRP grid. Zheng et al. [18] tested five beams strengthened
with FRP grid reinforced ECC and observed rupture of the grid and
partial debonding of the grid layer from the concrete substrate. Yang
et al. [19] studied RC beams strengthened with FRCM and observed
failure modes included local debonding, rupture of the FRP grid, sepa-
ration of the grid and shear-crack induced debonding. Guo et al.[20]
reported four-point bending test results of RC beams strengthened with
carbon FRP (CFRP) grid reinforced mortar and observed CFRP
debonding and rupture of the grid. Zheng et al. [21] studied corrosion-
damaged RC beams strengthened with FRP grid-reinforced ECC matrix
composites and observed grid rupture, debonding of the composites and
others. These researches clearly demonstrated that the application of
impregnated FRP grid is effective in increasing the flexural strength of
RC beams.

A new FRP strengthening scheme that combines an organic matrix
(typical of FRP manual lay-up) with pre impregnated FRP grid (typical
of FRCM/ECC) was investigated in this research. It consists of a fast-
setting polyurea matrix that was sprayed over a glass FRP (GFRP) grid
to form the composite. Polyurea is a unique class of polymers and
combines good application properties, such as rapid cure and insensi-
tivity to substrate moisture, with equally good physical properties, such
as high hardness, flexibility, tear and tensile strength [22,23]. Sprayed
polyurea coating of deteriorated concrete surfaces has been a
commonly-used technique for corrosion prevention of the exposed in-
ternal steel reinforcement.

The sprayed polyurea has been used in structural strengthening
recently. It was reported that the flexural and shear capacity and
ductility of the RC beams strengthened with polyurea coating system
were improved when compared with unstrengthened beams [24,25]. It
was found that flexural strength and ductility of RC slabs were increased
after retrofitted with sprayed polyurea [26]. However, to the best
knowledge of the authors, these references [22-26] represent the cur-
rent major state of publicly available literature devoted to the
strengthening of flexural members with the sprayed polyurea. Certainly,
further research is needed before the system can be widely applied in
increasing the structural performance of RC members. In this research,
the properties of the polyurea system were first studied through direct
tensile test. Then RC beams strengthened with sprayed polyurea and
polyurea-impregnated GFRP grid were investigated as well as RC beams
retrofitted by manual lay-up using an epoxy-impregnated GFRP grid and
epoxy-impregnated GFRP sheet. These two manual lay-up schemes
provided a means for direct comparison with the sprayed polyurea
system. The application of polyurea and detailed experimental work
together with results from literature related to similar systems were
presented in this paper.

2. Experimental test program
2.1. Direct tensile test of polyurea system

The GFRP grid was made with glass fiber mesh coated with epoxy
and in the form of individual longitudinal fiber yarns connected to each
other by transverse yarns of smaller size (Fig. 1). The average cross-
sectional area of one longitudinal yarn was 4.3 mm? and the spacing
between yarns was 11.3 mm. In order to achieve loading uniformity the
GFRP grid was further impregnated with resin in the lab for tensile test.
Each coupon had four longitudinal yarns and averaged width of 51.5
mm during the tensile test.

The unreinforced-polyurea coupons were prepared by spraying pol-
yurea on a plastic sheet placed on a horizontal flat surface and then the
coupons were cut from the sprayed polyurea. The average width and
thickness of four coupons were 47.32 mm and 5.3 mm, respectively.

For the production of polyurea-GFRP coupon, the polyurea was first
sprayed onto a flat surface and then one ply of GFRP grid was laid upon
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Fig. 1. The GFRP grid.

the matrix with additional polyurea sprayed over the grid. The averaged
width and thickness of the three grid reinforced polyurea coupons were
51.63 mm and 7.19 mm, respectively. The volume ratio of the GFRP grid
was approximately 5.3% of the overall cross-section, with polyurea
constituting the remaining fraction.

The tensile test was carried out with universal testing machine with
clamping grid system. The plain GFRP grid, polyurea and GFRP grid
reinforced polyurea coupons were uniaxially loaded to failure with
cross-head displacement rate of 1.5 mm/min according to ASTM D3039
[27].

2.2. Test setup and instrumentation of RC beams

Four RC beams were strengthened according to the schemes shown
in Table 1. As shown in Fig. 2b, the cross-sectional dimensions were 203
x 279 mm? Longitudinal reinforcement in the tension and the
compression zone consisted of 2-D16 and 2-D10 steel bars, respectively.
All beams were tested under a symmetric 4-point static loading system,
as shown in Fig. 2a. Two heavy-duty rollers were used to support the
beams with a span of 2.13 m and two other rollers were used at the point
loads. These rollers were placed at equal distances along the length of
the beams, leading to a shear span-to-depth ratio of approximately 2.80.
Based on this ratio, no arching effect was expected to occur during
testing of these beams [28]. One load cell was placed between the hy-
draulic jack and the supporting steel beam to measure the applied load,
and two strain transducers were installed on either side of the beams to
record the midspan defection (Fig. 2a). In the retrofitted beams, five
strain gauges were attached to the external strengthening systems.

2.3. Test matrix and strengthening schemes of RC beams

As shown in Table 1, Beam A was used as the control element without
strengthening. Beams B and C were strengthened with polyurea and
GFRP grid bonded with polyurea, respectively. Beam D was retrofitted
with the same amount of GFRP grid installed by manual lay-up. Prior to
strengthening, the concrete surface of the strengthened beams was
roughened with a grinder to expose the aggregates according to ACI 546
[29] and ICRI [30].

For Beams B and C, the area surrounding the beams was properly
protected using thick plastic sheets before spraying the polyurea, which
cured within minutes after spraying. For Beam C as shown in Fig. 3 thata
layer of GFRP grid was placed over the first layer of polyurea and an
additional layer of polyurea was sprayed immediately over the GFRP
grid until it was completely covered. In Beams B and C the polyurea
layer was maintained to approximately 7 mm in thickness.

For Beams D and E the strengthening scheme employed the tradi-
tional manual lay-up technique. From an installation point of view, the
sprayed polyurea technique was significantly less time consuming when
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Table 1
Text matrix and comparison of recorded midspan strains at failure.
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Beam Strengthening scheme Failure mode Fabric Tensile Reinforcing Steel Polyurea or FRP Polyurea or FRP
area As (ue) (ue) strain ratio
(mm®)
A NA Steel yielding followed by concrete crushing - 15,000 - -
B Unreinforced polyurea Steel yielding followed by concrete crushing 1422* 15,000 15,000 -
C GFRP grid reinforced polyurea GFRP grid rupture 77 11,800 13,300 0.57
followed by concrete crushing
D Manual lay-up GFRP grid GFRP grid rupture 77 12,900 15,000 -
followed by debonding
E Manual lay-up GFRP sheet GFRP sheet rupture followed by debonding 129 3,400 * 12,000 0.52
™ The capacity of the strain gage was 15,000 (ue), so the actual strain may have exceeded this value.
* The measured strain dropped before the beam reached the ultimate condition. #Cross-sectional area of polyurea.
3 Equal Spaces of 711mm
b P »
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(a) Four-point bending test setup

(b) RC beam cross-section

Fig. 2. Test setup and beam cross-section.

.

h(a) Ai)plying the GFRP grid

——

(b) spraying of polyurea

Fig. 3. Application of GFRP grid over polyurea in beam C.

compared to the manual lay-up technique. However, a disadvantage of
this system is that it requires the assistance of a qualified technician for
obtaining a uniform thickness and consistency of resin distribution.

3. Experimental results and theoretical analysis
3.1. Material properties

Impregnated GFRP grid: The rupture of grid was brittle and occurred
consecutively. As shown in Fig. 4 the stress—strain relationship is elastic
until ultimate condition. The averaged properties are: tensile strength
587 MPa, elastic modulus 37 GPa, and ultimate strain 1.8%.

Unreinforced Polyurea: The typical failure mode is shown in Fig. 5a

and no visible cracks were observed outside of the breakage area. The
averaged experimental properties are: tensile strength 7 MPa, initial
elastic modulus 200 MPa, and ultimate strain 43.8%. As shown in Fig. 5
that the experimental stress-strain relationship could be divided into
two phases: elastic portion and strain hardening portion, and the limit
strain for elastic deformation is around 3% and greater or close to the
ultimate strain of most fibers, which is usually 1-3% [12]. Therefore, it
could be expected that the polyurea could deform elastically with
reinforcement if used as matrix for a grid reinforced composite and no
crack would happen before rupture of the grid under tension.

GFRP grid reinforced polyurea: The coupons failed due to rupture of
the grid (Fig. 6). Before reaching the ultimate condition, no crack of the
polyurea or slippage of grid inside the polyurea was observed. The
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Fig. 4. Tensile test of GFRP grid.
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50
40
£30
s
g_:: ]
207

10 { ©—6—o Specimen A

E +—+—+* Specimen B

] ©——@ Specimen C

0 —

I
0.01 0.02 0.03
Strain (mm/mm)

(=]

(a) failure mode

(b) stress-strain response

Fig. 6. Tensile test of grid reinforced polyurea.

typical stress—strain behavior of FRCM [31,32] during tensile test was
not observed. Based on the gross cross-section of the composites the
average mechanical properties of the grid reinforced polyurea are as
follows: tensile strength 39 MPa, elastic modulus 2 GPa, and the ulti-
mate strain 2.3%. Based solely on the cross-sectional area of the GFRP
grid the tensile strength is 736 MPa and the elastic modulus is 37.7 GPa.
Compared with the plain grid, the rupture strain increased from 1.8% to
2.3% when polyurea was employed. It is depicted in Fig. 6b that the
stress—strain relationship is nearly elastic until failure and the elastic
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modules can be evaluated with the following equation:

A A
E=(1--5Ep+E,-% 1
7= ( A) ’ A, @

4
f

Where, E;, E,,E, are the elastic modulus of the composites, grid, and
polyurea, respectively. A; and A, are the cross-sectional area of com-
posites and the grid, respectively. Given A, /Ay equals to 5.3%, the elastic
modulus calculated per Eq. (1) is 2.15 GPa, which is slightly greater than
the value of 2 GPa determined through the tensile test of the composite.

Steel bar and concrete: For the D16 steel bars, the average yield and
ultimate strength was 416 MPa and 654 MPa, respectively. For the D10
steel bars, the average yield and ultimate strength was 434 MPa and 620
MPa, respectively. The experimental compressive strength of concrete
was 40 MPa.

GFRP sheet: The experimental properties: tensile strength 1700 MPa,
elastic modulus 83 GPa, and the ultimate breaking strain of 2.3%. The
thickness of the GFRP sheet was 0.64 mm.

3.2. Theoretical and experimental response of the tested RC beams

In this section, theoretical results derived from a coupled
moment—curvature computer program and nonlinear model for defor-
mation calculations are compared against experimental results. Fig. 7
outlines a schematic of the nonlinear model in which the applied load is
referred to as P (Fig. 2a and 7). Because of symmetry only half of the
beam was considered in the model. The theoretical load-deformation
responses were developed using the section dimensions depicted in
Fig. 2b, and the material properties and the reinforcement layout
depicted in Table 2. Development of the nonlinear model and detailed
analysis of mid-span deflections can be found in Yu et al. [33] and for
brevity they are not repeated in this paper.

Beam A: The first crack was observed at load of 15.6 kN and the beam
failed as the concrete in the compression zone crushed (Fig. 8). Fig. 9
shows that the experimental deflection matched reasonably well the
theoretical prediction except for the ultimate deflection. This is because
concrete strains registered at ultimate may significantly exceed the
strains typically used in the design of RC beams, which is 0.003 per ACI
318 [34]. In the results shown in this section all the concrete strains at
ultimate were allowed to reach 0.004.

Beam B: The cracking load was 22.2 kN. Failure occurred due to
concrete crushing after the tensile reinforcement yielded and no crack of
polyurea was observed (Fig. 10). Compared to Beam A, a much higher
number of cracks was registered and maximum crack width was lower.
The recorded strain profile did not develop linearly along the span of the
beam (Fig. 11).

Beam C: The cracking load was 22.2 kN. At failure, the GFRP grid
reinforced polyurea ruptured at midspan, followed by crushing of con-
crete in the compression zone (Fig. 12). As depicted in Fig. 13, the strain
profiles depict a linear variation that is in agreement with the load-
deformation response, which shows a well-defined bi-linear response.

Beam D: The cracking load was 24.5 kN. The failure was caused by
rupture of the GFRP grid layer in the shear-moment region and then
debonding of the grid propagated towards the opposite end of the beam.
At failure a small portion of concrete cover separation was caused by the

P
1 2‘ 3
° o

P

B..................

| 2b ‘ a

[=2.44m

Fig. 7. Theoretical model for system evaluation.
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Table 2
Comparison of experimental and theoretical results of RC beams.
Beam ID Fabric Theoretical Experimental
area Ay Ultimate Ultimate Cracking  Yielding P, Yielding midspan Ay AP, Py APy Ductility index ~ Bending stiffness
(mm?) midspan P, P, P, (kN) Ay (mm)  (kN)  A¢Ef AsEf Ay (kN-m?)(Eq.2)
A (N) ) (kN) (mm) &
(mm)
A - 78.1 69.2 15.6 41.0 64.5 6.3 83.0 - - - 13.2 246
B 14227 77.0 70.9 22.2 38.9 67.4 7.0 92.3 2.9 0.237 0.010 13.2 254
C 77 29.8 80.8 22.2 49.6 77.3 5.8 25.7 12.8 0.027 0.005 4.4 1012
D 77 31.9 82.8 24.5 52.4 70.8 9.0 25.4 6.3 0.025 0.002 2.8 820
E 129 19.6 92.9 26.7 60.0 83.9 7.6 20.3 19.4 0.008 0.002 2.7 1129
#

Cross-sectional area of polyurea.

Fig. 8. Failure mode of beam A.
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Fig. 9. Load-Deflection curves of beam A.

flexural intermediate crack near the midspan and one thin layer of
concrete was attached to the strengthening layer (Fig. 14). The recorded
strain depict a slight nonlinearity (Fig. 15).

Fig. 10. Failure mode of beam B.

Beam E: The first crack was observed at midspan at load of 26.7 kN.
The beam failed when the GFRP sheet partially ruptured and debonded
from one end and debonding propagated towards the opposite end
(Fig. 16). At failure a small portion of concrete cover separation was
caused by the flexural intermediate crack in the shear moment region. A
nonlinear strain profile is developed (Fig. 17).

A summary of the experimental results are depicted in Tables 1 and
2. It is important to emphasize that these tests were conducted in a four
point bending test setup (see Fig. 2a). Research by Zhang et al. [35]
evaluated experimentally the effect of load distribution on the behavior
of Near Surface Mounted (NSM) FRP-strengthened RC beams. Zhang
et al. [35] main conclusion was that load distribution impacts the beam
response and the degree of this effect varies with the bond length of NSM
FRP. It is thus reasonable to infer that the failure mode and ultimate
loads outlined in Tables 1 and 2 are likely to differ if these beams were
tested under a different loading scheme; such as, uniform distributed
loads. Debonding failure of FRP reinforced RC beams, characterized by
either intermediate crack (IC) debonding failure or cover delamination,
are highly susceptible to high stress concentrations [36], which further
indicates the need for continuing research regarding load distribution on
the behavior of composite strengthened RC beams.

4. Discussion of test results of the RC beams

Table 1 indicates that for all the beams the tension reinforcements
yielded before failure. It should be noted that the measured strains of the
polyurea and GFRP sheet for Beams C and E at ultimate condition were
between 50% — 60% of the materials’ ultimate strain when the beams
failed due to FRP rupture. Part of the reasons might be that the
maximum strain may not be caught during the test due to the limited
number of strain gauges.
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Fig. 11. Test results of beam B.

Fig. 12. Failure mode of beam C.

In Table 2, APy is the increase of the ultimate load with respect to
that of Beam A. Except for Beam B, Arand Ey are the cross-sectional area
and elastic modulus of the GFRP grid or glass sheet, respectively.
Although, no significant differences in midspan deflection was recorded
between beams C and D, the failure load in Beam C was nearly 10%

15000
—<— Cracking
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—<— Py (Yielding)
—o— (Py+Pu)2

—&— Pu (Ultimate)

10000

Micro strain (pe)
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Distance from midspan (mm)

(a) Strain gage profiles

higher than that in Beam D. This change in load capacity can be directly
attributed to the different failure modes as beam D failed mainly due to
FRP delamination (Fig. 14) and beam C was by FRP rupture at midspan
(Fig. 12). Furthermore Fig. 18 shows that application of GFRP grid could
significantly increase the flexural strength of RC beam, but its contri-
bution to the increase of secant stiffness is negligible.

AL ST
1% CONSTHUCTION SITE 15 ADMIN

sTERED
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Fig. 14. Failure mode of beam D.
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(b) Load-Deflection curves of beam C

Fig. 13. Test results of beam C.
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Fig. 16. Failure mode of beam E.

Since neither slippage of the grid from the polyurea during the
coupon test nor debonding at any interface during the bending test of RC
beams strengthened with GFRP grid reinforced polyurea was observed,
the assumption that plain sections remain plain was used in developing
the analytical model. Therefore, typical analysis of RC beams
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(a) Strain gage profiles

strengthened with FRP system reported in literature was applied in
analyzing the beams from this study [11,15,20]. Moreover, theoretical
analysis for flexural strength of RC beams strengthened with sprayed
polyurea coating has been conducted by Greene and Myers [24] and
Parniani and Toutanji [37].

The bending stiffness shown in Table 2 is calculated according to

Pa

El =
24A,

(3L* — 4d%) (2

Where a is the distance from the support to the point load, L is the
clear span of the beam, and P is the point load as shown in Fig. 2. Table 2
shows generally the cracking and yielding loads of the strengthened
beams are greater than those of the control beam. The bending stiffness
and yielding load of Beam C is significantly higher than those of Beam B.
However, in Beams C and B the cracking load is the same, which suggest
addition of GFRP grid to the polyurea has negligible effects on the initial
cracking of the strengthened beams. Research results also indicate that
the cracking, yielding and ultimate loads of Beam E, which was
strengthened with GFRP sheet, are higher than those of RC beams
strengthened with GFRP grid no matter sprayed polyurea or polymer
was used as bonding agency (Beams C and D). As the bending stiffness of
Beam C is greater than that of Beam D, it is reasonable to conclude that
the sprayed polyurea is more efficient in increasing the stiffness of RC
beams. Moreover, since the ultimate load and ductility index (Table 2) of

z
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(b) Load-Deflection curves of beam E

Fig. 17. Test results of beam E.
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1 00 Beam C are both greater than those of Beam D, sprayed polyurea would
o be an ideal bonding agency when GFRP grid is used for structural
| strengthening of RC beams.
80 — 5. Comparison with results from literature
~~ -
Z _ Results from tensile test of fabric reinforced composites from open
4 _ literature are compared in Table 3 and results from bending test of RC
60 ] beams strengthened with polyurea or FRCM are included in Tables 4 and
A~ a 5 for further analysis.
(Y
< |
5 40 5.1. Impregnation of fabric to the mechanical properties of FRCM
E B It was reported [38,39] in Table 3 that for the same mortar the tensile
. — 7 strength and ultimate strain of FRCM reinforced with coated carbon
o 7 —— Beam B were much greater than that of composite with dry carbon fabric
A~ 20 — recorded from the tensile test. The reason was that coating of the fabric
- —<—— Beam C with epoxy improved bond between the inner and outer filaments of
T each yarn and between yarns and matrix. As a result, slippage was
postponed or prevented, and the coated fabric can then develop higher
O T ‘ T ‘ T ‘ T ‘ T tensile stress and achieve a higher failure strain [17]. Therefore, coating
or impregnation of fabric may change the failure mode from slippage to
0 10 20 30 40 50 rupture of fabric and can clearly increase the tensile strength and ulti-
D ﬂ . mate strain of FRCM. It was reported that geometry of the fabric has an
eflection (mm) obvious effect on the mechanical properties of composites
[10,12,13,31], therefore, the contribution of impregnation of fabric on
Fig. 18. Comparison of load-deflection curves for beams B and C. the property of the FRCM needs to be further studied according to the
geometry and material of the fabric, and others.
Table 3
Comparison of tensile test results of one-ply fabric reinforced composites at failure.
Resource Specimen Matrix material Fabric material Failure mode of composite Strain of fabric® (a) Strain of composite (b) (b)/(a)
Caggegi et al. [9] TT1.M1_3 Mortar Basalt™ Rupture of fabric 0.02 0.0106 0.53
TT1.M1 4 0.02 0.0128 0.64
TT1_M1.5 0.02 0.0157 0.785
Lietal [12] C-3-1-1 ECC Basalt™ Rupture of fabric 0.0231 0.0155 0.67
C-3-1-2 0.0231 0.0143 0.62
C-3-1-4 0.0231 0.0150 0.65
C-4-1-1 0.0231 0.0139 0.60
C-4-1-2 0.0231 0.0111 0.48
C-4-1-4 0.0231 0.0133 0.58
C-6-1-1 0.0231 0.0151 0.65
C-6-1-2 0.0231 0.0128 0.55
C-6-1-3 0.0231 0.0189 0.82
Padalu et al.[40] 25 mm mesh Mortar Basalt™ Rupture of fabric 0.0196/ 0.0156/ 0.80/
weft/warp 0.0187 0.0114 0.61
50 mm mesh 0.0201/ 0.0106/ 0.53/
weft/warp 0.0247 0.0134 0.54
Leone et al. [41] #A(Polimi) Mortar Glass” Rupture of fabric 0.03 0.0049 0.16
#B-4(Units) Glass* 0.015 0.0184 1.22
#B-5 0.015 0.0108 0.72
#C(Unibo) Glass™ 0.02 0.0154 0.77
#C(Cut) 0.02 0.0175 0.88
#E(Upatras) Glass* >0.03 0.0138 0.46
#G(Polimi) 0.041 0.0123 0.30
Carozzi and Poggi [10] PBO-1 Mortar PBO” Rupture of fabric N/A N/A 0.85
G Glass* N/A N/A 0.81
Younis et al. [42] G-N1 Mortar Glass* Rupture of fabric 0.0325 0.0122 0.38
Donnini and Corinaldesi CM.C Mortar Carbon” Slippage of fabric 0.02 0.0058 644(MPa)’
[38] CM_CC Carbon* Rupture of fabric 0.02 0.0226 1358(MPa)®
Raoof et al. [39] Carbon Mortar Carbon™ Rupture of fabric N/A 0.0079 1518(MPa)*®
Carbon* N/A 0.0139 2843(MPa)”®
This study Specimen A Polyurea Glass™ Rupture of fabric 0.0180 0.0232 1.29
Specimen B 0.0180 0.0243 1.35
Specimen C 0.0180 0.0241 1.34

" Impregnated or coated with epoxy resin;

& Determined from tensile test or provided by the manufacturer in the resource;
" Approximated from figure of the resource by the authors of this paper;

$ Tensile strength;

# Dry fabric.
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Table 4
Bending test results of RC beams strengthened with polyurea system.
Resource Beam Thickness of Volume ratioof ~ Ultimate strainof  Elastic modulus Tensile strength Failure mode Failure load Increase
polyurea glass fiber composite of composite of composite of beam of beam AP/P
(mm) (%) (%) (GPa) (MPa) P (kN) (%)
This study A - - - - - cC 64.5 -
B 7 43.8 0.20 7 CC 67.4 4.5
C 7 5.3* 2.3 2.00 39 Polyurea 77.3 19.8
rupture
Greene and 1 6" 0 91 - 14.8 CcC 138 23.8
Myers [24] 2 5.3" 3.0 13.3 0.28 6.9 cC 122 9.7
3 5.6 10.8 9.3 1.13 12.8 cC 129 15.4
4 4.97 7.2 13.2 0.66 9.7 cC 113 1.3
5 - - - - - cC 110 -
Parniani and C-B-M - - - - - CC 29.4 -
Toutanji [37] P-B- 2.5 0 700 N/A 15.8 cC 32.1 9.2
M-1
P-B- 5.0 0 700 N/A 15.8 cC 34,5 17.3
M-2
Song and Eun N-F - - - - - CC 60.69 -
[25] PO-F- 5.0 0 - - 14 cC 67.51 11
A
PG-F- 5.0 5.0° - - 16 cC 65.41 8.0
A

* In the direction of tensile load;

™ Concrete crushing after yielding of tensile steel reinforcement;

# Approximated from figure of the resource by the authors of this paper;
$ Weight ratio.

5.2. Comparison of polyurea versus inorganic matrix in properties of
composites in tensile test

Table 3 shows that the rupture strain of FRCM in the tensile test was
lower than that of the fabric itself no matter the fabric was coated or
impregnated or not. Even with a small addition of polymer mortar is
brittle with ultimate tensile strain of around 0.5% and ECC is more
ductile with the recorded fracture strain up to 7% [12], no significant
difference of strain reduction ratio (mainly in the range of 0.3-0.8) was
observed when basalt, carbon, glass or PBO fabric was used as the
reinforcement. The reason is that the in-organic matrix was not effective
enough to prevent stress concentration even to the impregnated grid. On
the contrary, Table 3 shows that fracture strain of the GFRP grid
embedded in polyurea was much greater than that of plain FRP grid due
to the excellent mechanical properites of the polyurea (high elastic limit
and high strength). Therefore, the sprayed polyurea is superior to
cement based matrix in terms of preventing premature rupture and
achieving the full strain potential of the grid reinforcement.

5.3. Effectiveness of polyurea to flexural strengthening of RC beams

Table 4 shows that the flexural strength of RC beams strengthened
with plain polyurea coating increased significantly. It seems that simply
increasing the thickness of the polyurea did not change the failure mode
of the beam. For all beams in Table 4, no debonding of the polyurea
system was observed, which means ideal bond strength existed between
the concrete members and polyurea system. Therefore, due to the high
tensile strength and bond strength, sprayed polyurea alone could be an
effective scheme for flexural strengthening of RC beams. Moreover,
compared with strengthening with discrete fiber reinforced polyurea
[24,25], when similar amount of fiber material is used, application with
fiber grid reinforced polyurea achieved greater gain of flexural capacity
and proved to be more efficient and reliable. Meanwhile, the thickness of
the polyurea system was smaller than the nominal thickness of FRCM,
which was typically 8-10 mm, as specified in ACI 549 [31].

5.4. Impregnation of fabric to strengthening efficiency of RC beams

It is depicted in Tables 2 and 5 that for strengthening of RC beams

with impregnated FRP grid reinforced composite, when the beams failed
due to rupture of the grid at mid-span, comparable strengthening effi-
ciency of AP,/(A¢Es) was achieved by GFRP grid reinforced polyurea
(Beam C in Table 2) and BFRP grid reinforced ECC (Beams BCBS1,
BCBS4 and BCBS7 in Table 5). Meanwhile, a much higher AP, /(AfEy)
was reached by strengthening of RC beams with impregnated CFRP grid
bonded with ECC, epoxy or PCM (see the test results reported by Yang
etal. [19] and Guo et al. [20] in Table 5). Therefore, strengthening of RC
beams with impregnated FRP grid with higher axial stiffness or tensile
strength may achieve a greater increase of flexural capacity even when
different matrix were employed. This agrees with the finding that more
gain of flexural capacity was achieved for RC beams strengthened with
FRCM with higher axial stiffness of fabric during the bending test [11].

As for Beams II series and III series by Yang et al. [19] in Table 5, the
only difference was the bonding matrix and the ultimate strain of the
grid was very close when the beams failed due to rupture of grid. This
means that when cement based matrix with high ductility was used as
bonding agency, the area of grid required for the same increase of
flexural strength of RC beams can be the same as that for polymer ma-
trix. This is different from strengthening of RC beams with dry textile
reinforced matrix, where it is reported that when the same amount of
textile was used, the strengthening effect for textile bonded with inor-
ganic matrix was half of that with organic matrix as the interfacial bond
strength between the textile and cement matrix was weaker than that
between textile and polymer [5]. Meanwhile, it is reported by Raoof
et al. [39] that for flexural strengthening of RC beams with FRCM,
application of coated carbon fabric achieved greater increase of flexural
strength when compared with dry carbon fabric (see Table 5). Since
impregnation of dry fabric clearly increased the mechanical perfor-
mance of the FRCM and the strengthening efficiency of RC beams, when
cement-based matrix is used as bonding agency, it is beneficial to use
impregnated fabric.

5.5. Effectiveness of additional end anchorage of fabric or grid system

It was reported that providing end anchorage had a limited effect on
the performance of TRM-retrofitted beams [39]. For strengthening of RC
beams with FRCM, debonding or slippage is likely to happen even when
additional U-wrap anchorage is employed. Because of the poor bonding
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Table 5
Comparison with results of RC beams from 4 point bending test from literature.
Resource Specimen End- Grid type Matrix type Failure mode Py AsEy AP, £y Eexp Eexp
anchorage (kN) (kN) A¢Ef (ue) (ue) €y
Yang et al. I-10° - - - Crushing of concrete 51.9 - - - - -
[191* 1I-10 U-wrap CFRP ECC Debonding and rupture of grid 95.5 1320 0.033 14,000 12,780 0.91
near the end
1I-12 U-wrap CFRP ECC Debonding and rupture of grid 104.8 1320 0.040 14,000 10,536  0.75
near the end
1I-16 U-wrap CFRP ECC Rupture of grid at mid-span 126.8 1320 0.057 14,000 7513 0.54
11-10 U-wrap CFRP Epoxy Partial separation and grid 89.3 1320 0.028 14,000 13,440 0.96
rupture
1-12 U-wrap CFRP Epoxy Partial separation and grid 105.5 1320 0.041 14,000 11,099 0.79
rupture
1II-16 U-wrap CFRP Epoxy Grid rupture at mid-span 129.3 1320 0.059 14,000 7928 0.57
Zheng et al. CL® - - - Crushing of concrete 126 - - - - -
181 BBB- None BFRP ECC Rupture of FRP grid 131 N/A N/A 7000 * 1300 0.19
1-500
BBB- None BFRP ECC Rupture of FRP grid 146 N/A N/A 7280 * 5600 * 0.80
3-500
BBB- None BFRP ECC Partial debonding after rupture 167 N/A N/A 7300 * 5500 *  0.75
5-500 of FRP grid
BBB- None BFRP ECC Rupture of FRP grid 141 NA NA 7280 ¢ 6000 “  0.82
3-450
BBB- None BFRP ECC Rupture of FRP grid 136 NA NA 7280 * 6300 %  0.87
3-400
Guo et al. NR ° - - - Crushing of concrete 55.4 - - - - -
[20]* ROH None CFRP PCM CFRP grid debonding 202 44,720 0.0033 7970 * 5380 0.675
ROL None CFRP PCM CFRP grid rupture 186 14,000 0.0093 8415° 8275 0.983
RTH None CFRP PCM CFRP grid debonding 207 29,322 0.0052 7230 * 5389 0.745
RTL None CFRP PCM CFRP grid rupture 169 11,194 0.0101 8387 ° 8824 1.052
Zheng et al. BCS4® - - - concrete crushing 101.4 - - - - -
[211* BCBS1 None BFRP ECC Rupture of grid + concrete 106.5 1675.8° 0.0030 21,600 14,473  0.67
crushing
BCBS2 None BFRP ECC Concrete crushing 117.7 4858.4 ° 0.0034 20,800 11,676 0.56
BCBS3 None BFRP ECC Concrete crushing 126.3 8121.8° 0.0031 21,400 15,906  0.74
BCCS1 None CFRP ECC Concrete crushing 137.4 12693.5 0.0026 16,400 6427 0.40
4
BCS2° - - - Concrete crushing 94.6 - - - - -
BCBS4 None BFRP ECC Rupture of grid + concrete 101.4 1756.7 * 0.0039 21,600 10,733 0.50
crushing
BCCS2 None CFRP ECC Concrete crushing 125.7 7857.2° 0.0040 16,200 7376 0.45
BCCS3 None CFRP ECC Concrete crushing 153.4 13347.6 0.0044 16,400 8147 0.50
4
BCCS4 None CFRP ECC Concrete crushing 132.3 18624.9 0.0020 16,000 5478 0.34
4
BCS5° - - - Concrete crushin 89.3 - - - - -
BCBS7 None BFRP ECC Rupture of grid + concrete 96.4 1844.9 * 0.0039 21,600 12,422  0.58
crushing
BCBS8 None BFRP ECC Concrete crushing 108.7 5387.6 * 0.0037 20,800 14,294 0.66
BCBS9 None BFRP ECC Concrete crushing 113.0 8937.6 * 0.0027 21,400 12,254 0.56
BCCS5 None CFRP ECC Concrete crushing 144.7 14009.1 0.0029 16,400 7908 0.49
4
Elghazy etal.  CU° None None None - 72.2 - - - - -
[81% CRS-4P-1 U-wrap PBO Cement FRCM delamination 102.8 3630 * 0.0084 14,000° 8446 0.60
matrix
CRS-4P-II U-wrap PBO Cement Extensive fabric slippage 111.1 3630 ¢ 0.0107  14,000° 9653 0.69
matrix
CRS-3C-I U-wrap CFRP Cement Extensive fabric slippage 109.3 5203 ¢ 0.0071  12,500° 9777 0.78
matrix
CRL-4P-1 U-wrap PBO Cement FRCM delamination 91.1 3630 * 0.0052  14,000° 7409 0.53
matrix
CRL-4P-II U-wrap PBO Cement Partial debonding of the fabric 108.1 3630 ¢ 0.0099  14,000° 8928 0.64
matrix
CRL-3C-II U-wrap CFRP Cement Extensive fabric slippage 131.9 5203 * 0.0115 12,500° 13,876 111
matrix
Raoof et al. CON’ - - - - 346 - - - - -
[39] M1_C? None Carbon Cement Slippage and partial rupture 39.0 N/A N/A N/A N/A 0.90°
matrix
M1_CCo' None Coated Cement Debonding at the fabric-mortar ~ 41.3 N/A N/A N/A N/A 0.64°
Carbon matrix interface

ey:ultimate strain from coupon test or provided by manufacturer; ee,y:experimental strain of FRP system at mid-span of RC beams at failure;
flexural strengthened with impregnated FRP grid reinforced matrix;

flexural strengthened with dry fabric or textile reinforced matrix;

control beam without strengthening;

values not provided and were computed or approximated with information from original resource by the authors of this paper;

values were determined through tensile test of FRCM coupons;

a oA W oN =

10
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5 values are ratio of the maximum stress of FRCM from beam test divided by the tensile strength determined from the tensile test of coupons.

between fabric and cement-based matrix, even the debonding was pre-
vented due to the additional end anchorage, slippage of fabric may occur
(see results by Elghazy et al. [8] in Table 5). Meanwhile, Table 5 shows
that for the test by Yang et al.[19] after end U-wrap was applied, even
the beams did not fully fail due to rupture of the grid, the beams
strengthened with impregnated CFRP grid reinforced ECC(II-10,1I-12,1I-
16) achieved nearly the same strengthening efficiency as beams with
epoxy counterpart (III-10,I1I-12,I1I-16). Therefore, in order to increase
strengthening efficiency, additional bonding measurement is recom-
mended for strengthening of RC beams with impregnated FRP grid when
cement-based mortar is used.

5.6. Strain of FRP grid system used in strengthening of RC beams

It is indicated in Tables 1 and 5 that most beams failed due to rupture
of the grid system and the maximum recorded strain for the composite
was 30-90% of the ultimate strain determined through direct tensile
tests. Therefore, even impregnation of fabric with epoxy resin helped to
improve bonding of yarn with matrix and distribute tensile load more
evenly [17], reduction of the failure strain of the grid system has to be
adopted.

Tables 3 and 5 show that the recorded rupture strain of the grid
reinforced composites varied significantly and is related to the ultimate
strain of the grid. ACI 549.4R [31] regulates the limit for effective strain
of the FRCM as 0.012. Table 3 shows that the rupture strain of most
fabric, especially the impregnated grid, was much greater than 0.012
during the tensile test. The effective strain of 0.012 is justifiable for the
beams strengthened with low rupture strain grid during the bending
test, but it clearly underestimates the strain of FRP system when grid
with higher ultimate strain is used, as shown from the results by Yang
etal.[19] and Zheng et al.[21] in Table 5. Therefore, the effective strain
of FRCM should be modified according to the material of fabric and
bonding agency. Furthermore, 0.012 is much lower than the recorded
rupture strain of the GFRP grid reinforced polyurea as shown in Tables 1
and 3.

6. Conclusions

This study investigated the mechanical properties of polyurea system
and flexural strengthening of RC beams with GFRP grid bonded with
sprayed polyurea and the following conclusions could be drawn from
this research:

No slippage of GFRP grid or distributed cracks of the polyurea was
observed and the full strength and ultimate strain of GFRP grid were
achieved during the tensile test of GFRP grid reinforced polyurea.
Comparison with test results of other composites from open literature
shows that polyurea performed better than other inorganic materials
when used as matrix for fabric during the tensile test.

Strengthening of RC beams with polyurea not only increased the
flexural capacity but also improved the serviceability of the beams by
reducing the crack width and decreasing the mid-span deflection.
Compared with other strengthening schemes, flexural strengthening
with GFRP grid bonded with polyurea demonstrated to be effective with
many advantages, including significantly less time required for curing
and satisfactory bonding performance of polyurea system to RC beams.

In order to achieve the same increase of flexural strength of RC
beams, the amount of impregnated grid required for the cement based
matrix could be the same as that for organic matrix. When cement based
matrix is used as bonding agency, it is beneficial to impregnate fabric
with epoxy resin before application.

For most beams flexural strengthened with FRP grid system the
recorded strain of grid was 30-90% of the ultimate strain determined
from coupon test when the beams failed due to rupture of the grid. The

11

strain limit of 0.012 by ACI 549 [31] is justifiable for grid with relatively
low rupture strain, but underestimates the failure strain of FRCM with
impregnated grid or matrix with high ultimate strain. The experimental
ultimate strain of GFRP grid reinforced polyurea was much greater than
0.012.

Future areas that warrant further research can be highlighted as
follows: (1) confinement effects of polyurea systems in increasing the
confinement strength of RC members under axial loads [43]; (2) effects
of loading schemes and bond strength of grid reinforced polyurea to
concrete in delaying intermediate crack (IC) debonding failure and
cover delamination of RC beams during the flexural testing;, (3)
response of grid reinforced polyurea strengthened RC members under
dynamic loads such as fatigue, earthquake, and among many other high
impulse loads.
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