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Abstract: The use of externally bonded fiber-reinforced polymer (FRP) composites for upgrading the out-of-plane flexural resistance of
unreinforced masonry (URM) walls is experimentally and analytically investigated in this study. A total of six hollow concrete block walls
were tested to failure using an airbag and a reaction frame to obtain a uniform load on the wall. The masonry walls were placed horizontally
and tested as one-way slabs with span direction perpendicular to the bed joints. The first wall was left unstrengthened to be used as control
specimen; the other five walls were strengthened using different schemes of externally attached glass-fiber-reinforced polymer (GFRP)
sheets. The main parameters studied experimentally were FRP reinforcement ratio and stiffness. In addition to the experimental program,
an analytical model was developed to predict the ultimate moment capacity of the URM walls. The procedure outlined in standard guidelines
was also utilized to compute the flexural capacity of walls. Besides the URM wall specimens tested in this study, another 42 test results of
URM walls available in literature were used for analytical model validation. A design model was also proposed and new design aspects were
introduced. DOI: 10.1061/(ASCE)CC.1943-5614.0000695. © 2016 American Society of Civil Engineers.
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Introduction

Generally, buildings built with unreinforced masonry (URM) walls
perform poorly in seismic events. The URM walls usually failed
due to out-of-plane bending stresses resulting from seismic inertial
forces. Another failure mode is related to the in-plane shear behav-
ior in which the URM walls act as a part of the lateral load resisting
system of the URM building.

The last few decades have seen the emergence of fiber-
reinforced polymer (FRP) composites as a successful strengthening
material for a wide range of construction applications including
the retrofitting of timber, steel, and reinforced concrete (RC) struc-
tures (Mosallam 2002). Numerous studies have been carried out
for evaluating the use of FRP laminates for repair and retrofitting
of URM walls subjected to lateral loading (Triantafillou 1998;
Hamoush et al. 2001; Kuzik et al. 2003; Tumialan et al. 2003a, b;
Tan and Patoary 2004; Ghobarah and Galal 2004; El-Dakhakhni
et al. 2006; Lunn and Rizkalla 2011). The benefits of using FRP
composites for the retrofitting of URM walls are (1) high corrosion
resistance and high strength-to-weight ratio of FRP, (2) no alterations

in the architectural and geometrical configuration of the walls, and
(3) ease of installation.

Many investigators have used externally bonded FRP strips for
the retrofitting of URM walls against out-of-plane static loads and
found these to be effective in increasing the load-carrying capacity.
Velazquez-Dimas et al. (2000) used glass fiber-reinforced polymer
(GFRP) strips for the strengthening of single-wythe and double-
wythe masonry walls. The walls were tested under cyclic out-
of-plane loads. The single-wythe walls failed in tension, excessive
delamination, or a combination of both whereas the double-wythe
walls failed by peeling off of composite strips and splitting of the
wythes. They reported significant improvement in the strength and
deformation capacity of the retrofitted walls. Albert et al. (2001)
tested FRP-strengthened full-scale masonry walls under out-of-
plane flexural loads. The FRP was found to improve the load-
carrying capacity of masonry walls. Hamilton and Dolan (2001)
used GFRP for the strengthening of wall against out-of-plane loads.
The experiments showed that the FRP laminates can be success-
fully used for the retrofitting of unreinforced and underreinforced
masonry walls. The flexural strength design equations were pro-
posed that overpredicted the experimental results of test specimens
by up to 20%. Hamoush et al. (2001) conducted out-of-plane static
load tests on scaled masonry walls strengthened using different
configurations of FRP strips. The distributed lateral load was ap-
plied using an airbag (ASTM 2014). They concluded that the flexu-
ral capacity of URMmasonry walls can be increased by controlling
the shear failure of walls. Dafnis et al. (2002) performed shake-table
tests on full-scale infill masonry walls under simulated transient
seismic loads. Finite-element analysis was used to satisfactorily
simulate the test results. The arching action was observed in the
walls confined between rigid frames, which significantly improved
the flexural resistance of wall to lateral loads. Tumialan et al.
(2003b) studied experimentally the flexural behavior of FRP-
strengthened masonry walls using different amounts and types of
FRP reinforcement. The effect of the putty filler on the bond
strength was also studied. They provided a design approach for the
retrofitting of masonry walls with FRP sheets. Al-Salloum and
Almusallam (2005) and Almusallam and Al-Salloum (2007) used
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FRP laminates for strengthening of the concrete block walls against
out-of-plane and in-plane loads, reporting considerable strength
enhancement in all GFRP-retrofitted test specimens. The research-
ers proposed simplified design equations to estimate the flexural
strength of retrofitted masonry walls. Hrynyk and Myers (2008)
tested retrofitted infill masonry walls under static out-of-plane
loads. The arching mechanism was reported in the failure of walls,
and the authors reported the effectiveness of polyurea spray on walls
in enhancing wall’s energy absorption and decreasing flying debris.
The premature failure of infill walls strengthened with a combina-
tion of polyurea and GFRP strips was attributed to the lack of
anchorage between the retrofitted walls and the frame. An analytical
model was developed to assess the ultimate flexural capacity of
the retrofitted walls. Valluzzi et al. (2014) conducted experiments
to study the performance of different FRP and textile-reinforced
mortar (TRM) strengthening schemes for hollow masonry panels
against out-of-plane loads. The test specimens were tested against
out-of-plane loads using four-point flexure tests. Moment–curvature
analysis provided approximate bilinear curves representing the bend-
ing behavior of panels.

This paper investigates experimentally and analytically the in-
fluence of FRP reinforcement ratio and FRP stiffness on the re-
sponse and failure modes of FRP-strengthened URM walls against
out-of-plane loading. A total of six hollow concrete masonry walls
were tested under uniform loading applied via an airbag. Analytical
modeling was also conducted to predict the load capacity of walls.
In addition to the six walls tested in this study, another 42 walls (3
unstrengthened + 39 strengthened) were collected from the litera-
ture for model verification. The novelty of this study is that a fairly
large database of 43 FRP-strengthened URM walls with different
parameters, e.g., type of masonry, FRP reinforcement ratio, and
FRP stiffness, are used for analytical model verification. Based on
the validation of test results, a design model is proposed and new
design aspects are introduced.

Experimental Program

Test Matrix

The experimental program is planned to investigate the feasibility
of using FRP composites for improving the flexural resistance
of unreinforced hollow concrete masonry walls. The experiments
involved testing of six large-scale masonry walls against the out-
of-plane loading. The dimensions and detailing of test walls are
presented in Fig. 1. The test matrix is summarized in Table 1.
The first wall, designated WC, was unstrengthened to be used as
control specimen for comparison, whereas the other five walls were
strengthened using different schemes of externally bonded unidi-
rectional GFRP laminates. For all strengthened walls, designated
W1 to W5, no special treatment was given to the GFRP at the ter-
minating ends, while for FRP-upgraded walls W2, W4 and W5, the
fibers were oriented perpendicular to the bed joint to simulate the
resistance to flexural tensile stresses that develop under out-of-
plane loads. The main parameters studied experimentally were FRP
reinforcement ratio and FRP surface area ratio. The FRP reinforce-
ment ratio is calculated later [Eq. (6)]. The FRP surface area ratio
is defined as the ratio of the surface area of the FRP reinforcement
to the surface area of the masonry wall. Both FRP reinforcement
ratios and FRP surface area ratios are listed in Table 1 for the five
strengthened wall specimens.

The specimens were tested to simulate the case of the FRP
being fully anchored, which may represent practical cases of FRP
strengthening a URM wall for out-of-plane loading. For external

faces, it may be possible to extend the FRP laminates beyond the edge
of thewall to the boundary elements.When FRP laminates are applied
to interior faces, they may be anchored to boundary elements in order
to mitigate the unwanted end debonding mode of failure.

Wall Construction

The locally available hollow concrete masonry units (CMUs) of
200 × 200 × 400 mm were used for the construction of masonry
walls. The net area of the used block was 52,800 mm2 and its
cross-section is as shown in Fig. 2. The dimensions of the walls
were 1,650 × 1,650 mm and one block wide. The wall dimensions
were selected based on available resources in the laboratory. Since
many facilities were constructed using a running or staggered bond,
it was necessary to eliminate the effects of bond pattern. The walls
were constructed in running bond using full and half stretchers with
faceshell bedding. Type S masonry mortar was used. No grouting
was done in the hollow blocks and no reinforcement was used. The
specimen walls were constructed by expert mason from the local
market. After the completion of the wall construction, the walls
were allowed to cure for 30 days before the GFRP installation.
The GFRP system was bonded to the surface of the walls using
the traditional wet lay-up process. The pretreatment of the wall in-
cluded sandblasting, brushing, and cleaning to ensure proper bond-
ing of GFRP with the wall.

Material Properties

Tests were conducted to characterize the engineering properties of
the constituent materials. The mix proportion of cement mortar
used in the construction of walls was 1:3 (cement:fine sand) with
water-to-cement ratio of 0.6. The compressive strength of mortar
was determined using 50-mm cubes that were tested in accordance
with ASTM C109/C109M (ASTM 2008a). The 28-day average
compressive strength of the mortar was 13.8 MPa; therefore, the
mortar may be classified as Type S. The compressive strength of
masonry was 6.1 MPa, which was determined using three CMU
prisms. In the present study, GFRP sheets with unidirectional fibers
were used for strengthening the masonry walls. The coupon sam-
ples of GFRP were cut from the sheets and tested in accordance
with ASTM D3039/3039M (ASTM 2008b) to determine the aver-
age mechanical properties of the GFRP composite. The thickness
per one layer of the GFRP composite was determined to be
1.85 mm. The ultimate tensile strength, modulus of elasticity, and
rupture strain of the GFRP laminates in the direction of fibers were
325 MPa, 16.9 GPa, and 2.1%, respectively.

Test Setup

The wall specimens were tested to failure using an airbag and re-
action frame to obtain a uniform load on the wall (Fig. 3). The walls
were placed in a horizontal position and tested as one-way slabs
with span direction perpendicular to the mortar bed joints. The test
specimen was supported by two steel rods, which acted as roller
supports (restraining only the vertical movement during loading
and allowing for rotation and horizontal movement). A calibrated
pressure transducer was used to measure the applied pressure dur-
ing the tests. The pressure applied to the wall was controlled by
regulating the pressure in the airbag. The out-of-plane deflections
of wall were measured using linear variable differential transducers
(LVDTs), and electrical resistance strain gauges were used for re-
cording FRP strains. The pressure transducer, LVDTs and strain
gauges were provided by Tokyo Sokki Kenkyujo (TML), Japan.
Fig. 4 shows the locations of different sensors used for test walls.
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Test Results

Modes of Failure

The modes of failure of walls recorded during experiments are sum-
marized in Table 2 for all test walls. Fig. 5 presents the failure

modes of walls for representative samples of test specimens. For
the control unstrengthened specimen WC, the failure of wall ini-
tiated near the midspan with the appearance of a crack in the mortar
bed that propagated along the width of the wall. With the increase
in load, the cracks increased leading to the sudden failure of the
wall. As mentioned earlier, the FRP laminates were fully extended

Fig. 1. Details of test walls: (a) Wall WC; (b) Wall W1; (c) Wall W2; (d) Wall W3; (e) Wall W4; (f) Wall W5 (note: all dimensions are in mm)
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to the end of the FRP-strengthened specimens; therefore, the end
debonding failure mode was mitigated and all strengthened walls
displayed the following modes of failure: (1) flexural failure due to
either rupture of the FRP laminates (Wall W3) or debonding of the
FRP laminate from the masonry substrate (Walls W1, W2, and
W4), and (2) one-way shear failure in the block masonry near the
support (Wall W5). Due to its low FRP reinforcement ratio of
0.13%, Wall W3 failed due to the rupture of FRP at the maximum

moment region after the development of flexural cracks mainly
located at the mortar bed joints [Fig. 5(c)]. However, for Walls
W1, W2, and W4, FRP debonding occurred due to shear transfer
at the FRP–masonry interface. This debonding was similar to the
intermediate crack (IC) debonding encountered in FRP-retrofitted
beams and one-way slabs (Elsanadedy et al. 2014, 2015; Lu et al.
2007), and it started from flexural cracks at the maximum moment

Table 1. Test Matrix

Wall
identified

GFRP strengthening system

Number of
specimens

Fiber
orientationa

Number of
layers

Number of
strips

Strip width
(mm)

Center-to-center strip
spacing (mm)

Reinforcement
ratio (%)

Surface area
ratio (%)

WC Control specimen 1
W1 0° 1 3 150 500 0.27 45.5 1

90° 1 2 150 650 — — —
W2 0° 1 2 300 850 0.37 36.4 1
W3 45° 1 3 150 580 0.13b 51.4 1

−45° 1 3 150 580 — — —
W4 0° 1 3 150 500 0.27 27.3 1
W5 0° 1 1 1,650 — 1.01 100.0 1
Total number of specimens — — 6
aMeasured with respect to the span direction of the test specimen.
bCalculated using equivalent FRP area at midspan resolved in the span direction.

400 mm

30 mm

30 mm

30 mm

30 mm

30
mm

30
mm

400 mm

400 mm

(a)

(b)

(c)

Fig. 2. Typical CMU block used: (a) actual section dimensions;
(b) equivalent solid section for flexural capacity calculations;
(c) equivalent solid section for shear strength calculations

Uniform Air Pressure

Test Specimen

1400 mm

Roller Support
GFRP Laminates

Reaction frame 

Support 

Test specimen 

Airbag 

Load cell 

(a)

(b)

(c)

Fig. 3. Test setup: (a) typical air pressure loading; (b) test rig; (c) airbag
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region and then propagated towards the supports. As the tensile
strength of masonry is less than that of the epoxy resin, the failure
line was in the masonry and part of the concrete block faceshell
remained bonded to the FRP sheet [Fig. 5(b)]. For Wall W5, which
had a high FRP reinforcement ratio of 1.0%, shear failure occurred
near the right support [Fig. 5(d)].

Discussion of Results

Table 2 shows a summary of the test results of all test walls in terms
of (1) ultimate moment, (2) ultimate midspan deflection, (3) FRP
strain at peak moment, and (4) failure mode. From the table, it is
clear that the ultimate moment of the strengthened specimens range
from 23.7 to 51.9 kN · m compared to 5.8 kN · m for the control
one. This drastic increase in the flexural capacity of retrofitted walls
clearly shows the great benefit of the GFRP laminates in transform-
ing the masonry wall from individual concrete blocks to a com-
posite masonry wall of high flexural capacity. It can be further
observed from Table 2 that the deformation capacity of the retro-
fitted walls was also increased drastically after GFRP strengthen-
ing, which may bring the importance of GFRP composites in
significantly enhancing the ductility capacity of masonry walls ex-
posed to out-of-plane loading in cases of wind or seismic events.

Fig. 6 illustrates moment versus midspan deflection for all wall
specimens. The deflection curves for all five strengthened walls re-
veal a definite response pattern. Two distinct phases of response

LVDT3

LVDT1

LVDT2LVDT4

Left Support Right Support

1400 mm

1650 mm

(a)

1400 mm

1650 mm SG2SG4

SG1

SG3

SG5

Left Support Right Support

GFRP 
Laminates

(b)

Fig. 4. Instrumentation layout: (a) deflection sensors; (b) strain gauges

Table 2. Summary of Experimental Results for Specimens Tested in This
Study

Wall
identifier

Ultimate
moment
(kN · m)

Ultimate
midspan
deflection
(mm)

Maximum FRP
strain (με) Failure mode

WC 5.8 N/A — Flexural failure
W1 36.7 19.2 15,800 FRP debonding
W2 40.6 20.8 13,100 FRP debonding
W3 23.7 17.6 20,400 FRP rupture
W4 38.3 20.2 14,300 FRP debonding
W5 51.9 26.6 4,800 Shear failure

Note: N/A = no available data.

(a) 

(b) 

(c) 

(d) 

Flexural cracking 

FRP debonding 

FRP rupture 

Shear failure 

Fig. 5. Mode of failure for representative samples of test walls:
(a) control wall WC; (b) Wall W1; (c) Wall W3; (d) Wall W5
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can be seen in Fig. 6. The first phase is almost linear up to 2–3 mm
of midspan deflection. During this phase, the mortar reaches its
tensile capacity, leading to the initiation of cracking. The separation
of a joint or the loss of bond between mortar and the block causes
the transfer of load to the next joint, which continues until the joints
in the maximum moment region of the wall are completely sepa-
rated. In the second phase of response, the flexural stiffness of the
specimen is reduced to joint separation. At this stage, the flexural
stiffness of wall is a function of the FRP reinforcement ratio. This
portion of the moment-deflection curve signifies the role of the FRP
reinforcement to the behavior of the specimen. However, because
the masonry possesses inherent variability, the comparisons, made
between the different phases of moment-deflection curves, should
not be taken in terms of the exact values but rather taken to indicate
the ranges of behavior.

Curves of moment versus FRP strain at midspan are plotted in
Fig. 7 for the five FRP-strengthened walls. For specimen Walls
W1 to W4, the overall shape of response also reveals two distinct
phases. In the first phase until joint separation, the FRP’s contribution
to the overall capacity of the walls was minimal and the maximum
recorded FRP strains ranged from 2,000 to 3,000 με, as shown in
Fig. 7. In the second phase, FRP contribution was more pronounced
due to mortar cracking and joint separation, and the FRP strain in-
creased significantly until it reached its rupture value (∼20,000 με)
forWallW3 and values between 13,000 and 16,000με forWallsW1,
W2, andW4.However, for SpecimenW5and due to the high amount
of FRP reinforcement, the rate of strain increase was considerably
less than other specimens, especially in the second phase. The strain
increase forWall W5 was almost linear until it reached its maximum
value of 4,800 με, at which shear failure occurred.

Fig. 8 depicts the effect of FRP reinforcement ratio on the behav-
ior of test walls in terms of (1) percent gain in out-of-plane capacity

with respect to control specimen, (2) deflection ductility ratio (ratio
between ultimate deflection of FRP-strengthened wall to ultimate
deflection of unstrengthened specimen), and (3) FRP utilization
ratio (ratio between maximum FRP strain and its strain at rupture).
As Walls W1 and W4 have the same FRP reinforcement ratio, their
output values were averaged in a single value as shown in the curves
of Fig. 8. It is demonstrated from Fig. 8(a) that the FRP reinforce-
ment ratio has a major influence on the flexural capacity gain of
masonry walls up to reinforcement ratio of 0.27%, after which
the effect is reduced. The increase in the FRP reinforcement ratio
from 0.13 to 0.27% results in significant gain in the flexural capacity
of wall, which increased from 305 to 542%. However, as the
reinforcement ratio increases from 0.27 to 1.0%, the flexural capac-
ity increases from 542 to 788%. As depicted in Fig. 8(b), the effect
of FRP reinforcement ratio on the deflection ductility ratio is not so
pronounced. The ductility ratio increased from 13.7 to 15.4 as the
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Fig. 6. Moment-deflection curves for test walls
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FRP ratio increased from 0.13 to 0.27%. Fig. 8(c) illustrates that
as the FRP reinforcement ratio increases, the FRP utilization ratio
decreases. The FRP utilization ratio is significantly reduced from 97
to 23% as the FRP ratio increased from 0.13 to 1.0%.

Analytical Modeling

Velazquez-Dimas and Ehsani (2000) reported that the ultimate-
strength method overestimates the flexural capacity of URM
walls retrofitted with glass-fiber-composite strips. The materials
(i.e., brickwork and composite strips) being brittle, they assumed
the behavior of wall as linearly elastic up to failure, whichwas based
on experiments wherein the failure was due to excessive delamina-
tion after a large number of loading cycles. They modified the
Uniform Building Code (UBC 1991) equations for the midheight
deflection of retrofitted walls and recommended that this deflection
be limited to 0.007h (h = height of wall). Tumialan et al. (2003a)
determined the theoretical flexural capacity of an FRP-strengthened
masonry based on strain compatibility, internal force equilibrium,
and controlling mode of failure. No premature failure was assumed
to occur, i.e., rupture of the laminate or crushing of masonry does
not govern the wall behavior. A parabolic distribution was used for
compressive stresses in the computation of the flexural capacity of
the strengthened walls. The maximum usable strain was taken as
0.0035 and 0.0025 for clay and concrete masonry, respectively.
The maximum usable strain in the FRP reinforcement for nonput-
tied and puttied surfaces was recommended as 45 and 65% of the
FRP rupture strain, respectively. Tan and Patoary (2004) considered
four types of failure in determining the out-of-plane load carrying
capacities of wall panels bonded with external FRP systems, namely
punching shear through the bricks, crushing of bricks in compres-
sion, tensile rupture of the FRP reinforcement, and debonding of
FRP reinforcement at the interface. The moment capacity for the
strengthened masonry wall was derived based on strain compatibil-
ity with a linear strain distribution across the section, and the para-
bolic compressive stress block of masonry bricks was replaced by
an equivalent rectangular stress block. As the flexural bond failure
occurs before the flexural compression failure, the strains were
assumed to be in the elastic range; thus, for calculating the load cor-
responding to the bond failure, the stress block was taken as triangu-
lar. Mosallam (2007) developed an analytical model to predict the
ultimate flexural load of unreinforced red brick walls strengthened
with FRP composites. The model was based on section analysis
by taking the stress-strain curve for brick–mortar blocks under
compression as parabolic up to the maximum compressive strength
followed by a linear descending branch. However, the stress block
was replaced by an equivalent rectangular stress block.

Hrynyk and Myers (2008) proposed a simplified analytical
model to estimate the ultimate out-of-plane capacity for FRP-
strengthened URM arching walls. The model was calibrated using
experimental data and the results showed good predictions. Hamed
and Rabinovitch (2007, 2010) developed an analytical model for
flexural capacity of masonry walls strengthened with externally
bonded composite materials by incorporating nonlinear behavior
of thematerials. Themodel considers the failure criteria that account
for crushing and shear failures of the masonry unit and the mortar
joints, as well as for rupture and debonding failures of the strength-
ening system. The nonlinear model was solved using iterative
and numerical tools. The comparison of results of analysis with ex-
periments clarified some aspects of the structural response of the
strengthened masonry wall and its failure mechanisms under out-
of-plane loads. Galal and Sasanian (2010) proposed a method of
calculating the deflection of GFRP-reinforced masonry walls using

the stress-strain model proposed by Dhanasekar and Shrive (2002).
The proposed method incorporated the effect of flexural cracks
to the deflections predicted by cracked-section analysis introduced
in Intelligent Sensing for Innovative Structures (ISIS), Canada
(2001). Within the limited range of GFRP reinforcement ratios
covered in the experiments, a capacity diagram was proposed for
the design of FRP-reinforced masonry walls. Derakhshan et al.
(2013) developed an analytical model to describe the out-of-plane
response of one-way spanning URM walls by incorporating the
effects of horizontal crack height, masonry compressive strength,
and diaphragm support stiffness properties. The prediction of the
uncracked wall’s resistance and wall crack height in the tested walls
produced large errors, which were attributed to errors in masonry
bond strength.

In this study, the section analysis procedure was followed in or-
der to compute the out-of-plane capacity of both unstrengthened
and GFRP-strengthened URM walls. The procedure is detailed in
the following subsections.

Unstrengthened Walls

Proposed Methodology
The ultimate moment capacity of an unstrengthened wall section is
assumed equal to its cracking moment, which depends on masonry
modulus of rupture [Fig. 9(a)]. In this study, the modulus of rup-
ture, fr, for masonry elements subjected to out-of-plane loading is
assumed as

fr ¼ 0.1 ×minðf 0
m; f 0

mortarÞ ð1Þ
where f 0

m = compressive strength of masonry; and f 0
mortar =

compressive strength of mortar. The cracking moment is then
computed from

Mu ¼ Mcr ¼
frIactual

yt
¼ frBt2m

6
ð2Þ

where B = total width of masonry wall; and tm = thickness of ma-
sonry wall used in the flexural capacity computations and is given
as equal to the total masonry wall thickness, t, for case of solid or
fully grouted masonry; and is equal to the equivalent masonry wall
thickness, teq, for case of hollow or ungrouted masonry. The equiv-
alent thickness of wall, teq, is based on inertia of a hollow masonry
block similar to that of equivalent solid block and can be deter-
mined from

teq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12IgðactualÞ

Bb

3

s
ð3Þ

where Bb = block width; and IgðactualÞ = gross inertia of actual block
section.

Building Code Requirements for Masonry Structures
The cracking moment capacity of the unstrengthened walls was
also computed using the Masonry Standards Joint Committee
(MSJC 2011) code specifications for masonry structures. The
modulus of rupture was estimated as per Section 3.1.8.2 and
Table 3.1.8.2 of the MSJC code (MSJC 2011) and hence, the ulti-
mate moment was calculated using Eqs. (2) and (3).

FRP-Strengthened Walls

Proposed Methodology
The procedure described in this section is only for the FRP
strengthening applied to the tension side of the wall because FRP
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strengthening may not be effective in compression. As discussed
previously, the mode of failure of FRP-strengthened walls under
out-of-plane loading could be either flexural failure (due to either
FRP debonding, FRP rupture or masonry crushing) or shear failure.
The ultimate moment of the wall is the least given by flexural
and shear failure. The out-of-plane capacity computations corre-
sponding to flexural and shear failures are detailed in the following
subsections.
Flexural Capacity Calculations. The proposed procedure is based
on the following assumptions:
• A plane section before bending remains plane after bending

and thus the flexural strains in masonry and FRP laminate are
directly proportional to the distance from the neutral axis;

• The tensile strength of masonry is ignored;
• There is a perfect bond between FRP laminate and the masonry

substrate and thus there is no relative slip between the two, until
FRP debonding failure occurs; and

• The wall is simply supported on two opposite edges and there-
fore arching action is absent.
The analysis is based on force equilibrium and strain compat-

ibility. The variation of strain and stress in the FRP-strengthened
masonry section under out-of-plane loading is shown in Fig. 9(b).
The stress block parameters γ and β1 for the parabolic variation of
compressive stress can be calculated from the following equations
(Tumialan et al. 2003b):

β1 ¼ 2 −
4

��
εm
ε 0
m

�
− tan−1

�
εm
ε 0
m

��
�
εm
ε 0m

�
ln

�
1þ

�
εm
ε 0
m

�
2
� ð4Þ

γ ¼ 0.90
ln

�
1þ

�
εm
ε 0
m

�
2
�

β1

�
εm
ε 0m

� ð5Þ

where ε 0
m ¼ 1.71f 0

m=Em and tan−1ðεm=ε 0
mÞ are calculated in radi-

ans. The modulus of elasticity of the masonry can be taken as Em ¼
900f 0

m for concrete masonry and Em ¼ 700f 0
m for clay masonry

(MSJC 2011). In this study, the maximum usable strain at the

extreme compressive side, εmu, is assumed to be 0.003 for con-
crete masonry and 0.0035 for clay masonry (Galati et al. 2005;
ACI 2010).

The flexural load capacity of FRP-upgraded masonry walls sub-
jected to out-of-plane loading depends on its failure mode, which
may be either masonry crushing, FRP rupture, or debonding. The
failure mode of FRP-strengthened walls is decided by comparing
the FRP reinforcement ratio of the masonry wall section with the
balanced reinforcement ratio, which is the ratio corresponding to
the state at which masonry crushing and FRP rupture or debonding
occur simultaneously. The FRP reinforcement ratio for a wall sec-
tion is computed from

ρf ¼ Af

Bd
ð6Þ

where d = effective depth of wall section [≈ total wall thickness, t,
in case of solid or fully grouted masonry and≈ effective wall thick-
ness, teq, given by Eq. (3) in case of hollow masonry]; and Af =
total cross-sectional area of externally bonded FRP laminates,
given by

Af ¼ n × ns × wf × tf ð7Þ

where n = number of FRP layers; ns = number of FRP strips; wf =
width of FRP strip; and tf = thickness per layer of FRP reinforce-
ment. The balanced FRP reinforcement ratio is computed by con-
sidering force equilibrium and strain compatibility, thus giving

ρfb ¼ γβ1

f 0
m

ffe

εmu

εmu þ εfe
¼ γβ1

f 0
m

ffe

Efεmu

Efεmu þ ffe
ð8Þ

where β1 and γ = stress block parameters calculated using Eqs. (4)
and (5), taking εm ¼ εmu and ffe = effective FRP stress at debond-
ing, expressed as ffe ¼ Efεfe, where Ef = tensile modulus of
elasticity for FRP laminates and εfe = effective FRP strain, which
is the same as debonding strain of FRP reinforcement. In this re-
search, the FRP debonding strain is estimated using the following
equation, which was proposed by Elsanadedy et al. (2015) for
FRP-strengthened reinforced concrete one-way slabs:

εfe ¼ εfd ¼ 8.1 × ðαsÞ−1.674 ≤ εfu ð9Þ

Fig. 9. Internal strain and stress distribution for a typical URM wall section: (a) unstrengthened walls; (b) FRP-strengthened walls
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where εfu = strain at rupture for FRP laminates; and αs = stiffness
parameter, which is a measure of the FRP stiffness with respect to
masonry compressive strength and is used for estimating the FRP
debonding strain. This parameter is given by the following empiri-
cal formula:

αs ¼
1

βw

ffiffiffiffiffiffiffiffiffiffiffiffi
nEftf
f 0
m

s
ð10Þ

where βw = FRP-to-masonry width ratio factor, which affects the
bond–slip parameters (Lu et al. 2005) and it is given by

βw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2.25 − wf=Sf
1.25þ wf=Sf

s
ð11Þ

where Sf = center-to-center spacing of FRP strips [Fig. 9(b)]. If the
FRP reinforcement ratio is less than the balanced reinforcement
ratio (ρf < ρfb), FRP debonding or rupture occurs. Otherwise,
when ρf > ρfb, the crushing of masonry governs the failure of
wall. For each case, the ultimate flexural capacity may be estimated
as follows:
• For ρf > ρfb, the failure of wall is initiated by crushing of the

masonry, and the stress variation in the masonry can be approxi-
mated by an equivalent rectangular stress block with the para-
meters β1 and γ, which can be estimated from Eqs. (4) and (5)
using εm ¼ εmu. In this case, β1 ¼ 0.82 and 0.84 for clay and
concrete masonry, respectively; whereas, γ ¼ 0.85 for both ma-
sonry types. Based on equilibrium of internal forces and strain
compatibility, the stress in the FRP reinforcement can be esti-
mated from

ff ¼
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Efεmu

2

�
2

þ γβ1f 0
mEmεmu

ρf

s
− Efεmu

2

3
5 ≤ ffe ð12Þ

Hence, the neutral axis depth can be calculated from

a ¼ ρfdff
γf 0

m
ð13Þ

The ultimate flexural strength can be then determined from
the following equation:

Mu ¼ ρfBdff

�
d − a

2

�
ð14Þ

• For ρf < ρfb, the failure of the masonry wall is initiated by de-
bonding or rupture of the FRP laminates, and the parameters of
equivalent stress block depend on the level of maximum flexural
strain reached in the masonry wall. An iterative procedure is to
be followed in order to compute the parameters of equivalent
stress block. There are four unknowns involved in the analysis,
namely, the neutral axis depth, c; the compressive strain of

masonry at failure, εm; and the equivalent stress block para-
meters β1 and γ. The neutral axis depth is initially assumed
equal to that at the balanced condition, cb, given by

cb ¼
�

εmu

εmu þ εfe

�
d ð15Þ

Then, the masonry compressive strain at failure εm can be
estimated from

εm ¼ εfe

�
c

d − c

�
≤ εmu ð16Þ

The stress block parameters β1 and γ can be then com-
puted using Eqs. (4) and (5) and the neutral axis depth can be
recalculated using

c ¼ ρfdEfεfe
γβ1f 0

m
ð17Þ

This procedure is repeated until the difference in the neutral
axis depth, c, can be ignored. Hence, the ultimate flexural
capacity can be computed from

Mu ¼ ρfBdEfεfe

�
d − β1c

2

�
ð18Þ

Shear Strength Calculations. The ultimate moment calculated in
the preceding section for flexural response of FRP-upgraded ma-
sonry wall need to be compared and limited by the one associated
with shear failure. If a high FRP reinforcement ratio is used for
strengthening, the failure of thewall can be controlled by shear rather
than flexure. Since the FRP reinforcement is externally bonded onto
the masonry surface, its contribution to the shear strength is ignored
and the ultimate shear capacity will be given by the masonry alone.
In this study, it is proposed to compute the shear strength of the ma-
sonry walls subjected to out-of-plane loading as follows.

For hollow or ungrouted masonry units, the shear strength may
be estimated using Section 3.2.4 of the Building code requirements
for masonry structures (MSJC 2011), in which

Vu ¼ 0.39An ðN;mmÞ ð19Þ
where An = net cross-sectional area of masonry wall = Btn where
B = total wall width and tn = equivalent wall thickness based on net
area. However, for solid or fully grouted masonry units, the shear
strength may be estimated from the following proposed equation:

Vu ¼ 0.1875
ffiffiffiffiffiffi
f 0
m

p
An ≥ 0.39An ðN;mmÞ ð20Þ

The preceding equation is the same as Eqs. (3)–(23) of the
MSJC (2011) with zero axial load and conservatively putting the
ratio of Mu=Vud ¼ 1.0. The ultimate moment corresponding to
shear strength can be then estimated from the following formula:

Mu ¼
8<
:

Vua for case of concentrated loads

Vu½0.5Lð0.5uþ tÞ − 0.5ð0.5uþ tÞ2�
0.5L − 0.5u − t

for case of uniform load
ð21Þ

where a = shear span; L = wall span measured center-to-center be-
tween supports; and u = width of support. In the preceding equation
and in case of uniform load, the support reaction is assumed to in-
troduce compression into the end region of the wall and hence the
critical section for shear is assumed at a distance t from the support
face, where t = total wall thickness.

American Concrete Institute 440.7R-10 Guidelines

The American Concrete Institute (ACI) guidelines 440.7R-10 (ACI
2010) were also followed to compute the out-of-plane capacity of
FRP-upgraded walls. Since the objective is to determine the flexu-
ral load capacity of test walls, the strength reduction factor is taken

© ASCE 04016048-9 J. Compos. Constr.

 J. Compos. Constr., 2016, 20(6): 04016048 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

K
in

g 
Sa

ud
 U

ni
ve

rs
ity

 o
n 

01
/1

2/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



as unity (i.e., ϕ ¼ 1). In computing the flexural capacity, the FRP
debonding strain was given as

εfd ¼ 0.45εfu ≤ 260

ntfEf
ðN;mmÞ ð22Þ

where εfu = strain at rupture for FRP laminates. In addition, the
maximum allowable compressive strain in concrete masonry is
taken as 0.0025. As per the ACI 440.7R-10, the stress block param-
eters γ and β1 are each equal to 0.8 when crushing of the masonry is
the governing failure mode. However, if FRP rupture or debonding
occurs before crushing of the masonry, methods considering a non-
linear stress-strain distribution can be employed to estimate γ and
β1. In this study, Eqs. (4) and (5) shown earlier were used. In the
flexural capacity calculations using the ACI 440.7R-10 guidelines,
the equivalent masonry wall thickness, teq, detailed previously as
given in Eq. (3), was utilized for case of hollow or ungrouted ma-
sonry. For shear strength calculations, the ACI 440.7R-10 guide-
lines recommend the use of Section 3.2.4 of the MSJC (2011) for
either solid or hollow masonry, in which Eq. (19) is used.

Validation of Analytical Modeling

The validation of the analytical modeling procedure was performed
by comparing the results of the experiments of the present study
and other tests carried out by different researchers with the analyti-
cal results proposed in this research. Wall W3 was not included
in the comparison with the analytical model because the FRP
was loaded off-axis. Besides the five walls tested in the present
study, another 42 masonry wall specimens subjected to out-of-
plane loading and tested by different researchers (Al-Salloum and

Almusallam 2005; Mosallam 2007; Tumialan et al. 2002; Anil et al.
2012; Valluzzi et al. 2014; Hamilton and Dolan 2001; Albert et al.
2001) were used for calibrating the analytical modeling. Tables 3
and 4 present the details and dimensions of URM walls, including
their designation, tested by other researchers. Out of the 42 spec-
imens listed in Tables 3 and 4, three were unstrengthened; whereas
39 walls were upgraded with different FRP systems. Thus, the ana-
lytical modeling was validated with the help of the experimental
database comprising 4 unstrengthened and 43 FRP-upgraded ma-
sonry walls. In addition, only those experimental tests were chosen
for which most geometric and material characteristics were avail-
able. The experimental database used in the analytical model val-
idation covers a wide range of the influencing parameters {masonry
units include hollow concrete blocks and solid clay bricks as well
as hollow clay bricks; masonry compressive strengths range from
1.8 to 17.1 MPa; FRP reinforcement ratios ranges from ρf ¼
0.13ρfb to ρf ¼ 2.48ρfb and FRP stiffness parameter [defined ear-
lier in Eq. (10)] ranges from αs ¼ 12.7 to αs ¼ 93.2}. Summary of
the test results of 42 specimens tested by other researchers are listed
in Tables 5–7. The analytical results are discussed in the following
subsections.

Unstrengthened Walls

Table 5 enlists the comparison between the analytical and exper-
imental results for unstrengthened specimens in terms of ultimate
moment capacity. The experimental results were compared versus
both the proposed and MSJC (2011) methodologies. Statistical
indicators for the experimental to predicted ultimate moment are
given also in Table 5 in terms of mean (m), standard deviation
(SD), and coefficient of variation (CV). From the table, it is obvious

Table 3. Details and Dimensions of URM Walls Tested by Other Researchers

Wall identifier
Masonry
type

Dimension
of block
(or brick)
units (mm)

Wall dimensions (mm)

f 0
m

(MPa)
f 0
mortar

(MPa)

Load

L B t Type a (mm)

Walls tested by Al-Salloum and Almusallam (2005)
O-1, O-2S H-CO-BL 400 × 200 × 200 1,400 1,450 200 5.7 13.8 4.p.b 625

Walls tested by Mosallam (2007)
WCONT-U, WC-RET-02, WC-RET-090,
WE- RET-02

S-CL-BR 203 × 102 × 57 2,290 2,640 102 16 21.4 Uniform —

Walls tested by Tumialan et al. (2002)
COG3R, COG5, COG5R, COG7, COG9, COG12,
COA3, COA5, COA7, COA9, COA12

H-CO-BL 305 × 203 × 102 1,120 610 102 10.5 7.6 4.p.b 457

CLG3, CLG5, CLG7, CLG7R, CLA3, CLA5,
CLA7, CLA9

H-CL-BR 203 × 102 × 64 1,120 610 102 17.1 7.6 4.p.b 457

Walls tested by Anil et al. (2012)
Specimen-1, Specimen-8, Specimen-10 H-CL-BR 185 × 185 × 135 1,400 1,100 135 2.5 5.4 4.p.b 410

Walls tested by Valluzzi et al. (2014)
Carbon FRP, Basalt FRP, Flax FRP H-CL-BR 250 × 250 × 120 1,100 390 120 1.8 4.1 4.p.b 418

Walls tested by Hamilton and Dolan (2001)
S2 H-CO-BL 400 × 200 × 200 1,780 610 200 14.5 N/A Uniform —
S3, S4 H-CO-BL 400 × 200 × 200 1,580 610 200 10.9 N/A Uniform —
T1 H-CO-BL 400 × 200 × 200 4,600 1,220 200 13.7 N/A Uniform —
T2 H-CO-BL 400 × 200 × 200 4,600 1,220 200 15 N/A Uniform —

Walls tested by Albert et al. (2001)
ICST8, ICST10, ICST11, H-CO-BL 397 × 193 × 193 3,700 1,210 193 13.4 14.7 4.p.b 1,200
MCS6, MCST4, MGST5 H-CO-BL 390 × 190 × 190 3,700 1,200 190 7.3 12.3 4.p.b 1,200

Note: a = shear span of test specimen; B = width of wall specimen; f 0
m = compressive strength of masonry; f 0

mortar = compressive strength of mortar;
H-CO-BL = hollow concrete blocks; H-CL-BR = hollow clay bricks; L = span of wall specimen; S-CL-BR = solid clay bricks; t = thickness of wall
specimen; 4.p.b = four-point bending.
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that the proposed model is better when compared to the MSJC
model in predicting the flexural capacity of unstrengthened ma-
sonry walls subjected to out-of-plane loading.

FRP-Strengthened Walls

Comparison between the experimental and analytical results are
summarized in Tables 6 and 7 for FRP-strengthened walls. The ex-
perimental results were compared versus both the proposed as well

as the ACI 440.7R-10 models. The ratios of the experimental-to-
predicted ultimate capacity are calculated as shown in Table 6 for
the 43 FRP-strengthened walls. From Table 6, it is evident that the
proposed model is more accurate than the ACI model as it success-
fully predicted the failure modes for 42 specimens (which represent
100% of the specimens with known failure modes); whereas the
ACI model was not successful in predicting the mode of failure
for 13 specimens (31% of the data). The ratios of the experimen-
tal-to-predicted FRP strain at peak load are listed in Table 7 for 12

Table 4. Properties of FRP Composite for URM Walls Tested by Other Researchers

Wall identifier Type n θ tf (mm) ns wf (mm) Sf (mm) Ef (GPa) ffu (MPa) εfu

Walls tested by Al-Salloum and Almusallam (2005)
O-1 Control specimen
O-2S GFRP 1 0° 1 1 1,450 — 30 540 0.018

Walls tested by Mosallam (2007)
WCONT-U Control specimen
WC-RET-02 CFRP 2 0° 0.58 1 2,640 — 103 1,250 0.013
WC-RET-090 CFRP 1 0° 0.58 1 2,640 — 103 1,250 0.013

CFRP 1 90° 0.58 1 2,640 — 103 1,250 0.013
WE- RET-02 GFRP 3 0° 1.14 1 2,640 — 18.5 425 0.022

Walls tested by Tumialan et al. (2002)
COG3R GFRP 1 0° 0.35 1 76 — 92.9 1,690 0.018
COG5, COG5R GFRP 1 0° 0.35 1 127 — 92.9 1,690 0.018
COG7 GFRP 1 0° 0.35 1 178 — 92.9 1,690 0.018
COG9 GFRP 1 0° 0.35 1 229 — 92.9 1,690 0.018
COG12 GFRP 1 0° 0.35 1 305 — 92.9 1,690 0.018
COA3 AFRP 1 0° 0.28 1 76 — 115 1,880 0.016
COA5 AFRP 1 0° 0.28 1 127 — 115 1,880 0.016
COA7 AFRP 1 0° 0.28 1 178 — 115 1,880 0.016
COA9 AFRP 1 0° 0.28 1 229 — 115 1,880 0.016
COA12 AFRP 1 0° 0.28 1 305 — 115 1,880 0.016
CLG3 GFRP 1 0° 0.35 1 76 — 92.9 1,690 0.018
CLG5 GFRP 1 0° 0.35 1 127 — 92.9 1,690 0.018
CLG7, CLG7R GFRP 1 0° 0.35 1 178 — 92.9 1,690 0.018
CLA3 AFRP 1 0° 0.28 1 76 — 115 1,880 0.016
CLA5 AFRP 1 0° 0.28 1 127 — 115 1,880 0.016
CLA7 AFRP 1 0° 0.28 1 178 — 115 1,880 0.016
CLA9 AFRP 1 0° 0.28 1 229 — 115 1,880 0.016

Walls tested by Anil et al. (2012)
Specimen-1 Control specimen
Specimen-8 CFRP 1 0° 0.12 3 100 450 231 4,100 0.017
— CFRP 1 90° 0.12 3 100 600 231 4,100 0.017
Specimen-10 CFRP 1 0° 0.12 3 50 350 231 4,100 0.017
— CFRP 1 90° 0.12 5 50 325 231 4,100 0.017

Walls tested by Valluzzi et al. (2014)
Carbon FRP CFRP 1 0° 0.17 1 50 — 240 3,500 0.015
Basalt FRP BFRP 1 0° 0.14 1 50 — 80 1,700 0.021
Flax FRP FFRP 1 0° 0.19 1 50 — 45 622 0.024

Walls tested by Hamilton and Dolan (2001)
S2, S3, S4 GFRP 1 0° 1 1 70 — 23.3 350 0.015
T1 GFRP 2 0° 1 2 70 610 23.3 350 0.015
T2 GFRP 1 0° 1 2 140 610 23.3 350 0.015

Walls tested by Albert et al. (2001)
ICST8 CFRP 2 0° 0.73 2 250 590 47.5 581 0.013
ICST10 CFRP 1 0° 0.73 2 125 879 47.5 581 0.013
ICST11 CFRP 1 0° 0.73 2 250 590 47.5 581 0.013
MCS6 CFRP 1 0° 1.27 4 50 240 185 2,750 0.015
MCST4 CFRP 1 0° 0.73 2 250 590 47.5 581 0.013
MGST5 GFRP 1 0° 1.81 2 250 590 17.8 373 0.021

Note: Ef = tensile modulus of elasticity of FRP material; ffu = tensile strength of FRP material; n = number of plies of FRP reinforcement; ns = number of
FRP strips; Sf = center-to-center spacing between FRP strips; tf = thickness of one ply of FRP reinforcement; wf = width of FRP strip; θ = fiber orientation
angle with respect to the span direction of the specimen; εfu = rupture strain of FRP material.
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specimens only, since the experimental FRP strains were not avail-
able for the rest of the walls. In addition, statistical parameters in
terms of mean (m), standard deviation (SD), coefficient of variation
(CV), and 5% percentile are listed in Table 7 for the tested-to-
predicted FRP strains at peak load. It is depicted from the table
that the proposed model predicts well the peak FRP strains, which
proves the accuracy of Eq. (9). Yet, the ACI model is less accurate
due to its high values for m, SD, and CV. It also significantly over-
estimated the peak FRP strains for two specimens.

Statistical indicators of the experimental-to-predicted ulti-
mate moment capacity in terms of mean (m), standard deviation
(SD), coefficient of variation (CV), 5% percentile, minimum, and

Table 5. Comparison of Experimental and Analytical Results for
Unstrengthened Wall Specimens

Wall
identifier

Ultimate moment (kN · m)

Experimental Proposed
MSJC
(2011)

Experimental/
proposed

Experimental/
MSJC

WC 5.8 5.6 4.0 1.04 1.46
O-1 5.3 4.9 3.5 1.07 1.51
WCONT-U 11.2 9.8 3.2 1.15 3.56
Specimen-1 0.4 0.4 0.6 0.87 0.66
Mean 1.03 1.80
SD 0.12 1.24
CV (%) 11.2 68.9

Table 6. Comparison of Experimental and Analytical Moment Capacity for FRP-Upgraded Walls

Wall identifier

Ultimate moment (kN · m) Failure mode

Experimental

Proposed ACI Experimental/
proposed

Experimental/
ACI Experimental Proposed ACIFlexure Shear Flexure Shear

W1 36.7 36.8 44.8 20.5 44.8 1.00 1.79 DB DB DB
W2 40.6 39.4 44.8 27.1 44.8 1.03 1.50 DB DB DB
W4 38.3 36.8 44.8 20.5 44.8 1.04 1.87 DB DB DB
W5 51.9 69.8 44.8 53.4 44.8 1.16 1.16 SF SF SF
O-2S 52.1 60.2 46.7 46.2 46.7 1.12 1.13 SF SF DB
WC-RET-02 128.3 114.4 146.5 62.0 65.9 1.12 2.07 DB DB DB
WC-RET-090 104.5 104.6 146.5 63.6 65.9 1.00 1.64 DB DB DB
WE- RET-02 129.9 129.5 146.5 63.6 65.9 1.00 2.04 MCR MCR DB
COG3R 3.2 3.2 5.4 1.8 5.4 1.02 1.77 DB DB DB
COG5 3.3 3.5 5.4 3.0 5.4 0.94 1.11 DB DB DB
COG5R 3.4 3.5 5.4 3.0 5.4 0.97 1.14 DB DB DB
COG7 3.7 4.5 5.4 4.1 5.4 0.83 0.90 DB DB DB
COG9 5.2 7.1 5.4 5.3 5.4 0.96 0.99 SF SF DB
COG12 6.1 8.3 5.4 6.9 5.4 1.11 1.11 SF SF SF
COA3 2.5 2.4 5.4 1.6 5.4 1.06 1.54 DB DB DB
COA5 3.6 3.7 5.4 2.7 5.4 0.98 1.31 DB DB DB
COA7 4.7 5.4 5.4 3.8 5.4 0.86 1.23 SF SF DB
COA9 5.3 7.1 5.4 4.8 5.4 0.96 1.09 SF SF DB
COA12 6.3 8.2 5.4 6.3 5.4 1.16 1.16 SF SF SF
CLG3 3.2 3.4 11.1 2.0 11.1 0.94 1.64 DB DB DB
CLG5 4.9 5.2 11.1 3.3 11.1 0.94 1.50 DB DB DB
CLG7 6.6 6.7 11.1 4.5 11.1 0.99 1.46 DB DB DB
CLG7R 7.2 6.7 11.1 4.5 11.1 1.08 1.59 DB DB DB
CLA3 2.9 3.0 11.1 1.8 11.1 0.98 1.65 DB DB DB
CLA5 5.2 4.6 11.1 3.0 11.1 1.14 1.77 DB DB DB
CLA7 6.1 5.9 11.1 4.1 11.1 1.04 1.49 DB DB DB
CLA9 8.5 7.2 11.1 5.3 11.1 1.18 1.61 DB DB DB
Specimen-8 3.4 3.3 6.7 4.6 6.7 1.03 0.73 DB DB DB
Specimen-10 2.4 2.4 6.7 2.8 6.7 0.99 0.86 DB DB DB
Carbon FRP 1.3 1.3 1.1 0.9 1.1 1.21 1.49 SF SF DB
Basalt FRP 0.9 0.8 1.1 0.4 1.1 1.13 2.22 MCR MCR DB
Flax FRP 0.4 0.4 1.1 0.2 1.1 1.01 2.22 FR FR DB
S2 4.4 4.6 11.9 1.9 11.9 0.97 2.33 FR FR DB
S3 4.0 4.2 11.0 1.9 11.0 0.95 2.12 FR FR DB
S4 4.5 4.2 11.0 1.9 11.0 1.06 2.36 FR FR DB
T1 18.7 15.7 52.8 6.3 52.8 1.19 2.99 DB DB DB
T2 15.2 16.8 52.8 7.6 52.8 0.91 2.01 FR FR DB
ICST8 30.1 29.7 40.2 20.5 40.2 1.02 1.47 DB DB DB
ICST10 12.5 13.9 40.2 6.3 40.2 0.90 1.99 FR FR DB
ICST11 25.0 26.9 40.2 15.3 40.2 0.93 1.64 DB DB DB
MCS6 27.8 28.0 35.2 7.6 35.2 0.99 3.66 DB DB DB
MCST4 17.3 18.8 35.2 14.3 35.2 0.92 1.21 N/A DB DB
MGST5 21.6 18.6 35.2 19.4 35.2 1.16 1.11 DB DB DB

Note: DB = FRP debonding; FR = FRP rupture; MCR = masonry crushing; SF = shear failure.
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maximum values, and percentage of data with incorrect failure
mode prediction are given in Table 8 for the two predictive models.
In addition, the error estimates for the predicted versus experimen-
tal ultimate moment are given in Table 9 for the two models. For
each model, two sets of error parameters were given; i.e., for the 35
specimens failing in flexure and for all 43 FRP-strengthened spec-
imens. The error-assessment parameters used for checking the ac-
curacy of the models were (1) coefficient of determination (R2),
(2) root-mean square error (RMSE), and (3) mean absolute percent
error (MAPE). For checking whether the output is underpredicted
or overpredicted, mean percent error (MPE) was calculated. The
positive and negative values of MPE indicate overestimation and

underestimation, respectively, whereas its desirable value is zero.
Two other parameters for the goodness of fit were calculated as
the data with absolute error within 15% and the maximum absolute
error enveloping 80% of the data. Based on statistical indicators as
well as the error estimates, it is evident from Tables 7 and 8 that
the proposed prediction model is better than the ACI model in
matching the experimental data. The performance of the proposed
predictive model is further studied by plotting the relationship
between FRP stiffness parameter (αs) and the ratio of tested-to-
predicted ultimate moment as shown in Fig. 10. It is evident from
the figure that the proposed model predicted the ultimate moment
very accurately for specimens with different failure modes with the
ratio of experimental-to-predicted ultimate moment ratio ranging
approximately from 0.8 to 1.2.

Proposed Design Protocol

Based on the experimental study of this research and by others,
FRP debonding is found to be the most common failure mode
for FRP-upgraded masonry walls subjected to out-of-plane loading.
If a large amount of FRP reinforcement is provided, shear failure
may be observed. In case of designing an externally bonded FRP
system for strengthening URM walls against out-of-plane loading
such as wind pressure or seismic events, the FRP reinforcement
ratio should be limited in order to preclude the unwanted brittle
shear failure mode. The experimental database collected in this
research was used to come up with an upper limit for the FRP rein-
forcement ratio that may prohibit shear failure. Fig. 11 shows the
relationship between FRP reinforcement ratio in terms of ρf=ρfb
and the FRP stiffness parameter (αs) for the 43 FRP-strengthened
walls investigated in this research. From the figure, it is clear that
for walls with ρf > 0.8ρfb, failure was due to either masonry crush-
ing (for ρf > ρfb) or shear. Based on the results of the proposed
analytical modeling, the relationship between FRP reinforcement

Table 7. Comparison of Experimental and Analytical FRP Strain for
FRP-Upgraded Walls

Wall
identifier

Max FRP strain (με)

Experimental Proposed ACI
Experimental/
proposed

Experimental/
ACI

W1 15,800 15,200 8,300 1.04 1.90
W2 13,100 12,300 8,300 1.06 1.57
W4 14,300 15,200 8,300 0.94 1.72
WC-RET-02 7,100 6,540 2,150 1.09 3.30
WC-RET-090 10,000 9,850 4,310 1.01 2.32
WE- RET-02 10,700 10,300 4,110 1.04 2.61
COG3R 14,900 14,000 8,000 1.07 1.86
COG5R 12,300 10,400 8,000 1.18 1.54
CLG7R 15,400 13,600 8,000 1.13 1.93
Specimen-8 2,660 2,310 7,650 1.15 0.35
Specimen-10 3,020 3,310 7,650 0.91 0.39
ICST11 8,700 9,780 5,510 0.89 1.58
m 1.04 1.76
SD 0.09 0.82
CV (%) 8.8 46.8
5% percentile 0.90 0.37

Table 8. Statistical Parameters for Experimental to Predicted Ultimate Moment Ratio

Model Mean SD
CV
(%)

5th
percentile
value

Minimum
value

Maximum
value

Data with
incorrect

failure mode
prediction (%)

Nonconservative
data (%)

Specimens with flexural failure (35 data points)
Proposed predictive 1.01 0.08 8.2 0.91 0.83 1.19 0 —
ACI 440.7R-10 1.72 0.58 33.7 0.89 0.73 3.66 22.9a —

All specimens (43 data points)
Proposed predictive 1.02 0.09 9.1 0.90 0.83 1.21 0 —
Proposed design 1.28 0.12 9.1 1.13 1.03 1.51 — 0
ACI 440.7R-10 PREDICTIVE 1.62 0.57 35.1 0.91 0.73 3.66 30.2a —
ACI 440.7R-10 DESIGN 2.68 0.97 36.3 1.46 1.22 6.11 — 0

Note: CV = coefficient of variation; SD = standard deviation.
aCalculated for data with known failure modes.

Table 9. Error Estimates for Ultimate Moment Prediction of FRP-Strengthened Walls

Parameter for error estimate

Specimens with flexural failure
(35 data points) All specimens (43 data points)

Proposed model ACI 440.7R-10 Proposed model ACI 440.7R-10

Mean percent error (MPE) −0.60 −35.4 −1.44 −31.3
Mean absolute percent error (MAPE) 6.05 39.0 7.03 34.3
Root-mean square error (RMSE) 2.56 18.6 2.69 16.9
Coefficient of determination (R2) 1.00 0.97 0.99 0.93
Percent data for error within 15% 91.4 11.4 88.4 23.3
Percentage error enveloping 80% data 10.8 52.8 12.4 51.1
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ratio in terms of (ρf=ρfb) and flexure-to-shear capacity ratio
(Mu-fl=Mu-sh) was plotted as shown in Fig. 12. The best-fit regres-
sion trendline is also shown in the figure. The trendline has the
following equation:

Mu-fl

Mu-sh
¼ 1.11

�
ρf
ρfb

�
þ 0.12 ð23Þ

This equation has R2 ¼ 0.80 (considering all 47 data points
for unstrengthened and FRP-strengthened specimens). From the
equation and as shown in Fig. 12, it can be inferred that the flex-
ure-to-shear capacity ratio (Mu-fl=Mu-sh) equals 1.0 at an FRP
reinforcement ratio of ρf ¼ 0.8ρfb. Figs. 11 and 12 confirm that
for FRP reinforcement ratio of ρf > 0.8ρfb, the flexural capacity
of the wall may exceed its shear capacity and subsequently, shear
failure may occur. In addition to shear failure mitigation, another
aspect in the design protocol is the optimum use of the FRP com-
posites for strengthening, which can be expressed via limiting the
FRP utilization ratio (defined previously). Considering only the
analytical results for the 33 specimens failing by either FRP rupture
or FRP debonding, the FRP stiffness parameter (αs) was plotted
against the FRP utilization ratio as presented in Fig. 13. From
the figure, it is evident that the FRP stiffness parameter (αs) should
not exceed 60 in order to utilize at least 50% of the FRP strength.

As shown previously in Table 8, the proposed prediction model
does not fulfill the requirement of a 5% percentile by having a value
less than unity. This further highlights the requirement of a design

model. The design knockdown factor for moment capacity calcu-
lations shall be based on the statistical lower bounds of the ratio of
experimental to predicted ultimate moment in terms of mean – 2σ,
where σ is the standard deviation. In addition, two more conditions
were enforced: no nonconservative data points and a minimum fac-
tor of safety of 1.10 for 95% of the data. As apparent from Table 8,
the proposed predictive model detailed previously may be con-
verted to the design model by incorporating a reduction factor
of 0.80 for both flexural and shear strength calculations. As out-
lined in the ACI 440.7R-10 (ACI 2010), the ACI predictive model
discussed previously can be converted to the design model by im-
plementing strength reduction factors (ϕ) of 0.6 and 0.8 for flexural
and shear strength calculations, respectively.

For the evaluation of design models, the ratio of the experimen-
tal to the design value of ultimate moment capacity was also de-
termined. Some statistical indicators, namely, mean, coefficient of
variation (CV), standard deviation (SD), and 5th percentile, calcu-
lated for the two design models are given in Table 8. Percentage of
nonconservative data is also reported in the table. For best results,
both coefficient of variation and standard deviation should be low,
the 5th percentile should be at least 1.10, the mean should be
greater than 1.0 but not very large, and the nonconservative data
points should be zero. The proposed design model is found to better
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demonstrate optimal values of all the statistical indicators used for
model assessment. It is evident from Table 8 that the ACI model
is very conservative, which could lead to an uneconomic FRP
strengthening design with higher reinforcement ratio.

Conclusions

On the basis of experimental and analytical results presented in this
research, the following major conclusions can be drawn:
1. Externally bonded FRP composite systems are effective in sig-

nificantly upgrading the load carrying capacity of URM walls
subjected to out-of-plane loading. In addition, the FRP compo-
sites are capable of dramatically increasing the out-of-plane
deformation capacity of URM walls, which may show the im-
portance of FRP laminates in significantly enhancing the duc-
tility capacity of masonry walls exposed to wind or seismic
loading. The effectiveness of FRP composites in enhancing the
load and/or deformation capacity of URM walls decreases with
the increase of FRP reinforcement ratio. For instance, for speci-
mens tested in this study, the FRP utilization ratio is signifi-
cantly reduced from 97 to 23% as the FRP ratio increased
from 0.13 to 1.0%.

2. FRP debonding is the most common failure mode for FRP-
upgraded URMwalls subjected to out-of-plane loading. The de-
bonding is initiated at cracks appearing in bending moment and
shear force critical zones, then propagates in the direction of
decreasing moment to the ends.

3. An analytical model was proposed in this study. A comparison
of the model prediction with the experiments of 47 specimens
shows that the proposed analytical procedure is suitable to es-
timate the flexural capacity of the unstrengthened as well as
the FRP-strengthened masonry walls subjected to out-of-plane
loading. This confirms the validity of the analytical modeling
procedures, which may be employed in future studies on URM
walls.

4. The procedure of the ACI 440.7R-10 guidelines were also fol-
lowed to predict the out-of-plane capacity of FRP-upgraded
masonry walls using a strength reduction factor (ϕ) of 1.0. In
comparison with the experimental results of 43 FRP-strength-
ened specimens, the ACI model was found to be inaccurate with
the ratio of experimental-to-predicted flexural capacity ranging
from 0.73 to 3.66. Moreover, the ACI model was not successful
in predicting the mode of failure for 13 specimens (31% of the
data with known failure modes).

5. In order to design an FRP system for upgrading the out-of-plane
capacity of masonry walls, a strength reduction factor (ϕ) of 0.8
is suggested for both flexural and shear strength calculations to
convert the proposed analytical model to the design model. Two
aspects should be considered in the design protocol. The first
aspect is to control the failure mode of strengthened walls
via flexure rather than shear. This could be achieved by limiting
the FRP reinforcement ratio (ρf) to not exceed 80% of its ba-
lanced ratio (ρfb). The second aspect is to optimize the stress
ratio of the FRP laminates to be not less than 50% by limiting
the FRP stiffness parameter (αs) to not exceed 60.
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