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Since the Unreinforced masonry structures are prone to dynamic loadings induced by
earthquakes, a thorough comprehension of the behavior of these structures will help to
improve their seismic performance. On the other hand, seismic performance improvement
of unreinforced masonry walls was a very vast field of investigation. The primary aim of
this paper is to study the comparison between the response of the unreinforced and
strengthened model, Furthermore, the failure debonding mechanisms of strengthened
shear wall models with glass fiber reinforced polymer (GFRP) are discussed. A systematic
review of the literature was conducted on the topic with a major focus on the arrangement
of the observation used GFRP materials for strengthening techniques,
theoretical/analytical ~prognostication equations formulating the experimental
investigations in the research, determination of the progress in the research areas, and
identifying the gap in the literature. Eventually, a systematic review of literature will
assist in identifying the gap in the knowledge about the Masonry walls reinforced with
GFRP and determine the most critical design parameters affecting the structural
performance of these types of structures.
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1. Introduction

Natural disasters e.g., earthquakes are the most serious risk causing
tremendous loss of life and property. In general, casualties of human life in
earthquakes occur due to the collapse of buildings and non-engineered
dwellings. Singlestory houses are almost always built without the
supervision of an experienced engineer and are more likely to be susceptible
and suffer damage during a seismic event. Generally, these types of houses
are usually adequate for withstanding the gravity loads and make almost
acceptable performance under compression tension. But on the antithesis,
these types of structures are grossly inadequate to withstand the lateral
inertia loads imposed by earthquakes. According to [1] about 75% of the
fatalities attributed to earthquakes are caused by the collapse of buildings
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and the greatest proportion is from the collapse of masonry buildings. On
the other hand, Masonry structures are widespread in many regions of the
world and masonry units of construction still remain as a major building
material in many places, especially in rural areas. Approximately 60% of
people in the whole world are living in masonry buildings that are made by
piling up bricks, sun-dried mud bricks (Also known as adobe), stone and
concrete blocks. [2] A large percentage of these buildings are currently
associated with low economic resources. Furthermore, a large portion of

the existing earth constructions is now located in regions where seismic
hazards cannot be neglected. Therefore, structural strengthening methods
were carried out and different techniques are often necessary to allow
unreinforced masonry buildings to remain in the future. Structural
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retrofitting of Masonry structures are developed to increase structural
capacity or to control structural damage of unreinforced masonry walls by
affecting failure mechanisms and preventing a cracking pattern. [3] When
a masonry structure is exposed to loading, load-bearing walls are mainly
subjected to two types of possible failure mechanisms such as in-plane shear
and out-of-plane bending [4, 5]. According to Iuorio et al. [6] In general,
the out-of-plane failure of URM walls is divided by either one-way or
twoway bending of the walls. The failure mechanism of masonry buildings
can be local or global and can result in a partial or total collapse of the wall.
One solution to overcome the out-of-plane failure is to be restrained by
providing externally strengthening elements such as proper wall diaphragm
connection or I-shaped flanges that supply adequate stiffness [7]. The
principal in-plane mechanisms are generally characterized by the following
failure modes: 1) shear failure, 2) sliding failure, 3) rocking failure, and 4)
toe crushing failure. Among them and with an aspect ratio lower than 1,
shear and sliding failure are the most common and general modes of failure
observed in URM buildings [8]. The rocking failure is the most ductile
failure and the least harmful; sliding shear failure is the least frequent,
whereas the diagonal shear failure is the worst type of wall failure since it is
very brittle and sudden. [9] Fiber-reinforced polymer (FRP) has become an
extensively used popular material to strengthen masonry walls and
structures in the past few decades. High strength-to-weight ratio, high
initial stiffness, linear elastic behavior, and convenience in the application
have made it a material of good choice for the seismic retrofitting and
strengthening of the masonry structure. The glass fiber-reinforced polymer
(GFRP) sheets were used in tremendous investigations to reinforce masonry
walls, it offers significant advantages since the fibers can be externally
bonded to the surface without affecting the aesthetics of the structure, Also,
it could improve the strength and ductility of the structure. This paper
describes an experimental investigation and theoretical study of in-plane
shear strengthening using glass-fiber-reinforced polymer (GFRP) as a
strengthening material. Using GFRP sheets, bars, and GFRP as a polymer
in fiber-reinforced concrete for partially grouting the surface of masonry
walls is a typical suggestion of authors. The strengthening could be applied
on Only one side or both sides of the masonry wall, each approach has its
own benefits and defects, e.g., single-sided strengthening could be more
economical and allows the facade of a building to be left untouched.

2. Methodology

Many different strategies for the prediction of the behavior of masonry
walls to calculate strength were offered by the authors. Also, regarding
retrofitting methods, different techniques to strengthen the new or
rehabilitate the existing masonry buildings are presented by scholars. To
accomplish the methodical review, relevant studies were identified by
searching electronic databases (including Science Direct, Scopus, Web of
Knowledge, and Civil Engineering database (ASCE)) for published
literature up to May Ist, 2022. More than 50 works were filtered, studied,
and classified in this category. In addition, the reference lists of relevant
studies were double-checked for reports of other potentially relevant
studies. scholar's Studies were eligible if they (1) proposed an equation to
anticipate the behavior of URM or retrofitted wall (2) the analytical
equation performed in another study and other scholars used this as a
reference (3) Regarding strengthening method, assessment of strengthening
solutions by performing material and mechanical characterization tests; (4)
verified by information regarding the strengthening materials and
methodology is provided and (5) were published in English. In fact, it was
considered valuable to include these works due to the highly eligible and
numerous acceptable information concerning this topic.

3. Analytical Equations for In-Plane Loading

3.1. Single-sided diagonal strips

Capozucca and Magagnini (2020) [10] conducted an experimental
investigation via analytical equations to evaluate the In-plane seismic
behavior of the 1:3rd single-story historic solid clay brick wall, strengthened
on one side, by diagonal GFRP strips. Both of the specimens were subjected
to precompression to simulate actual loading conditions in masonry
buildings and tested under cyclic lateral loading. (Fig.1)The first one
strengthened after damage with EB GFRP strips - and then once again -
subjected to the same loading until failure; the Second one was strengthened
with GFRP strips without damage and subjected to the same path of
loading until failure. The specimens are shaped in double T-shaped sections.

The choice of using double T shape sections was attributed to avoid bending

cracking at the base of the wall model, consequently, the failure is initiated

only due to shear.

Fig 1. Wall surface with application of the two-component primer

(Capozucca and Magagnini [10]).
During the cyclic loading, the loss of strength of the FRP-masonry joint
hybrid system can occur in various conditions, e.g., detachment of the
composite material, along the surface of the wall material and the adhesive;
at the contact between the thin layer of adhesive and the composite and
finally, it can occur inside the same composite layer also known as an
interlaminar failure.[11] Experimental investigations suggest that one of
the failure modes of FRP reinforced masonry joints is delamination failure
occurring at a plane located a few millimeters from the surface of the
masonry. As known, the ultimate load of strengthening with EB GFRP
strips depends strongly on the fracture energy, Gr, which can be evaluated
by shear stress-slip laws. The authors proposed different equations to
evaluate the fracture energy in unreinforced masonry walls. Due to the lack
of generally accepted values for masonry components, missing material
properties are calculated based on expressions used in concrete. Walraven
and Van der Horst [12] proposed the equation for the tensile strength which

was derived from the flexural strength:

0.06n°7
fe= ffl+o.06h°-7 (1)

Where h is the height of the specimen tested in three-point bending. The
compressive fracture energy is calculated according to the equation
proposed by (Drougkas et al, 2015) [13]:

Gt = fd @
Whered = 1 mm. The tensile fracture energy in N/mm is calculated
according to the equation proposed by (Drougkas et al., 2019) [14]:

Gf = 0.073f.018 (3)
With the compressive strength fc from cubic compression test and is
inN/mm?.

An analytical method to predict the bond capacity of Externally Bonded
GFRP-strips on brick masonry walls, considering a simplified elastic model
and also has been developed with the presumption that GFRP strips as the
adherent material subjected to both axial and shear deformations. [15] The
width, thickness, Young " s modulus, and shear modulus of the
intermediate layer are mentioned by bw, tm, Em, and G, respectively; the
adherent superficial layer with thickness t1 and the ideal intermediate
element of thickness tm are supposed to be an elastic material. To obtain
the maximum value of the interfacial fracture energy, Gy, i.e., the total
external energy supply per unit of area required to create delamination

along the GFRP strip-to brickwork masonry bonded joint:
PZ
Gr = 2b2E t; )

The value of load capacity, P, is the superficial glued layer of the GFRP
strip, and b1, t1, and Ei are respectively the widths, the thickness, and
Young' smodulus of the adherent superficial layer. Although masonry can
carry out the main part of compression load for its greater thickness, also
GFRP strip is subjected to a part of compression. Cappozucca [17] in
another study assessed an investigation on unreinforced double-leaf
masonry wall models built with historic solid clay bricks on a 1:3rd scale.

The unreinforced models were tested under combined compression and
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shear loading. After damage they were strengthened with two types of
external bonded composite materials - diagonal Glass-FRP strips and steel
fiber reinforced cement grout (SRG) - and then once again subjected to the
same loading until failure. Under compression by alternative horizontal
force, strengthening with SRG strips has shown a weak behavior. A
theoretical model which may be used to analyze the buckle response is

described. Internal energy contributions due to bending of the ideal beam

and to the response of springs for the displacement y(x) are as follows:

I1

Ky(x)

- -

Fig 2. Beam model for strip on elastic springs under compression.
Cappozucca [17].

This compression leads to Delamination buckling becoming the damage of
the strengthening glued to the masonry surface and causing a major failure
mechanism. GFRP strip is assumed as an elastic beam embedded subjected
to compressive forces at the ends. The strip may buckle under a system of
loads, P, due to compressive forces and load reactions, ¢, of ideal springs
with constant k. (Fig.2) According to the energy method following the
Rayleigh's procedure, the constant k depends on the width bl of strips by
the relation k=k0-bl and the critical buckling load determined by energy
method may be determined as it follows: [16]

GFRP strip

X adhesive layer

Fig 3. Model to analyze the delamination buckling of GFRP strip

(Capozucca and Magagnini (2020) [10]).
The primary impact of the strengthening method was the failure of the
walls retrofitted with GFRP strips that occurred with the cracking of the
masonry and the failure of the GFRP strips after the local loss of bond.
Furthermore, the strengthening of the GFRP strips led to an increase in
deformation energy due to wider load cycles. The strengthening of the
GFRP equipped panels led to an increase in resistance, however, what is
mainly observed is a strong increase in lateral deflection with an increase in
ductility. Furthermore, failure of the GFRP reinforced panels occurred with
cracking of the masonry and the resulting failure of the GFRP strips due to
detachment. Most importantly, the retrofitting of the GFRP-equipped
panels led to an increase in deformation energy due to wider load cycles. A
local phenomenon of instability of the strengthening can cause brittle
failure resulting from debonding mechanism. Consequently, Although
GFRP causes an increase in resistance and reveals a major displacement
capacity, Cappozuca [17] results focus attention on a need that the use of
composite GFRP material generally does not satisfy the retrofitting
method by itself.

4. Analytical Equations for Out-of-Plane Loading
4.1. Brick masonry wallet reinforced by GFRP strips
Sistani nezhad and Kabir [47] carried out experimental study on behavior

of masonry wallets strengthened by GFRP strips with different

reinforcement ratio and configurations e.g., diagonal, grid and combination

of grid and diagonal. (Fig. 4)
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Fig 4. Configuration of strengthening and location of strain gauges (Sistani
Nezhad and Kabir [47]).
The results were compared in the terms of laid carrying capacity,
displacement, and energy absorption and failure mode. In total six double
—wy the wallets with nominal dimension of 880 X 880mm were built and
subjected to out-of plane vertical monotonic loading. In retrofitted
masonry wallets, the out-of-plane loading in general caused shear and
bending failure. In stark contrast, however, the unreinforced masonry
wallet failure was due to spreading cracks through mortar joints on the
tension side of the wallet. Longitudinal curvature formation caused an
elevation of four corners. Due to the significant ductility by strengthening
method considerable curvature is observed in strengthened specimens. Also,
out-of-plane strength of retrofitted specimens was higher than the control
wall. For the reference specimen at the elastic phase, the lateral load is
proportional to the lateral deformation up to 0.73mm displacement. The
ultimate load is reached to 11.68kN with 1.06mm out-of-plane deformation.
The ultimate out-of-plane deformation at the collapsed state is obtained at
8.3mm. In contrast, the wallet strengthened by a layer of cement on both
sides is considerably higher. The ultimate load and its corresponding
displacement are measured as 25.67kN and 2.3mm, respectively. These
values are 120% and 117% higher than that of the unreinforced wall,
correspondingly. Also dissipates 130.9kNm energy that is 386.6% more
than the control specimen. But due to the sharp dropping of carrying the
load after the peak value, in general, post peak behavior of this specimen
tends to be brittle and sudden collapse. The behavior of the wallet with
reinforcement ratio (longitudinal FRP area to the cross-section area) of
1.29mm
displacement. Ultimate strength is about 43.5kN with the out-of-plane

approximately 0.269%, is approximately linear up to

displacement of 2.56mm. In this case, the specimen " s out-of-plane
strength is increased about 272% with a corresponding displacement of
141% more than the unreinforced specimen. Wall with the reinforcement
ratio of 0.237%, carries a maximum load of 82kN with a corresponding mid-
span displacement of 7.49mm. The out-of-plane strength and corresponding
displacements are 602% and 607% of the control wall, respectively. The
overall failure is induced by detachments of GFRP strips and then the load
is plunged and the crack propagation is extended through the masonry wall
surface. The primary behavior wallet with reinforcement ratio of 0.168% at
the load-deflection curve is linear up to the 20.5kN and 1.14mm
displacement. It extended to the ultimate load 42.04kN with the
corresponding displacement of 2.75mm. At this point, the failure

considerably occurred by crushing of masonry in compression causing
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decrease of carrying the load. The failure mechanism was due to the weak
bond between adhesive and substrate delamination of strips. The ultimate
capacity and the corresponding displacements are 260% and 159% as
compared to the corresponding values in control specimens, respectively. A
wall with reinforcement ratio of 0.158% is linear until the onset of micro
cracks in the tension side of the wall before functioning of FRP action. This
point belongs to the displacement of 1.04mm under a load of 20.14kN the
ultimate load reaches to 51.26kN at 4.22mm out-of-plane displacement. In
comparison to the 4t retrofitted specimen to the reference wall the strength
soars to 338% higher than unreinforced masonry wallet. Ductility is
calculated by dividing ultimate deformation at 80% of load carrying
capacity to yield deformation where the first reduction in stiffness occurs.
In each retrofitted specimen by GFRP strips the improvement in the
displacement ductility ratio is 55%, 53%, 41% and 40% of different
patterns of GFRP reinforcements and reinforcement ratio. GFRPs strips
that are applied partially on the masonry facades can considerably improve

the ductility of force-displacement response and energy absorption under

monotonic loading. Furthermore, by applying partially GFRP strips on the
tension side of masonry walls great improvement in out-of-plane strength
is achieved. Ultimate bending moment and out-of-plane strength capacity
of the masonry cross section is defined by considering three different failure
modes; FRP debonding, FRP rupture and the compressive crushing of
masonry. Since FRP debonding mode does not occur as the main failure
mechanism, analytical equations are defined for the compressive crushing
of masonry and FRP rupture. Therefore, the depth of compressive part can

be determined.

5. Results

In this section, a comparison between the experimental results of different
authors on the improvement of the seismic performance of unreinforced
masonry walls with GFRP materials were provided. To have a better
analogy, all studies with different conditions of dimension, geometry,
loading procedures and different application technique of strengthening

were reported and the results were compared.

Table 1. Database of experimental programs based on GFRP retrofitting technique.

Type of Type of Length Heizht Retrofit method Details of Contrbution Failwe meode
Authors Masonry Loadmg (mm) (mm) strengthening of
Strengthemng
Sudden  failure
Increase i  ChEmEes ta
GFRP Gnd and Single  =zide;  shear ui.r_for._n .
Del Zoppe Tuff Diagonal 1200 1200 Cementifions double side capacity, :mc:__k:l:; ::?;
tzl. [25] bricks Comprassion Matnx sngle  sude: pesking )
42-85%:; ‘behariour
Both side:
138-238%
Capozucca Claybrick  Cwehe shear 830 633 GERP Stips Diagonal and  Shear GFRP
and test Horizontal capacity detachment
Magagnimi mcreased by
(2021} [23] 50%
Capozucea Claybrick  Cwelie Shear 835 613 GERP Stips Diagonal Failure mode Detachment
and test oocwrs 2t F- and Bucklng
Magagnimi SSOEN.F'55 0 of GFRP
(20203 [10] kN changs to  smips
F:922kN
Ductliry Debonding of
Cappozueca  Clay buek shear 840 633 GFRP SRG  Diagonal mcreasad, GFRP  strips
[17] sirips 12 i and buckling
of SRG
Clay bnek
Stratford et and Static  shear 1200 1200 GERP zhest Single-zde -=:e 01 Debonding of
al [18] concrete test strengthening 110 3__;11'3 o GFRP
block (38 and 83%:)
Preztressed Maximum
Yu et al Concrete Diagonal 1630 1630 GERP bars NSM chear :o:;:i;bﬁ-:jii
[28] block cyclie text bars 0.62 and <hear
MPz sliding
Hizh B
cement  laver
P 120%:
me A17% Cruzhing  at
0.269%: the
Sistam Clay brick  Out-of-plans 880 880 GERP =trips Dufferent PITIN COMmprassIve
Mezhad and loading Remforcement me 1419, area and
Kabir [47] Rano 023705 rupture of
P 602% tensile GFEP
5. 1607%
0.168%:
P 260%
5. 150%
Bending Cracks m
Both side  moment middle third
Gattesco Cobble Four powmtz 1000 3000 GERP mezh mortar coatmg  capacity: 4-3 of wall
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and Boem
(2017} [48]

Diong et al
[49]

Abdulsalam

etal. [30]

Tunualan et
al [32]

Bom et al
[20]

Gattesco
azd Boem

(2015) [41]

Gattesco ot

al [£2]

Bom et al

[43]

stone

Clay brick

[a]

lay brick

Clay brick

Stone
masonry;
Pebble

mazonry

1-brick
1.Rubble
3-Cobbkle

Stone
masonry

Clay brick

bending

Four pantz 235 8§70
bending

Out-0f- 460
Flane

loading

1420

Our-0f-
Flane

Loadmg

In- Situ

Cyehe 1200 1200

diagonal test

1160 1160

Dhiagonal
Comprezsion

Lateral
Cyehe

1500 2000

Dhagonal 300 300

cyelic

Glazs texnle

GERF Sheet

GEFRP Laminate

GERM.  Steel
mesh as 2
Hybnd

GEERP mesh and
Mortar coanng

GEERP mesh
with mortar
coating

GERP znds

with  GFRP
meszh
TEM with

additton of
PVA fibres to
matrix

Sheets
anchored

Apphication of

GFRP

laminate
drectly 1o
mazonry wall
compared to
without
removal of
plaster

GFREP  meh

jacketing  and
mortar coating

Both side
meszh

jacketing  and
mortar coating

Smgls  ade:
both side
Hybrid one
side GFRP
and ather

steel-strands

Gnds mserted
o thermal
insulation
jacketing

fimes:
deflection: 25
fimes

Peak  load:
increased
12.6
ductility

fimes;
factor:  2.66
fimes

Load

camrving
capacity
increased by
100%
Petrofitted
over plaster
increased

17 m load
capaeity;
without
plazter
increased by
40 %

Shear
ztrength:
GFRM:
Stone:  17%
pebble: 40%:
Hyhbrid:
Stone: 87%
Pebble: 112%
Eesistance
Splid brick and
mubble  stome:
70 and 0%
Cobble
(3Tong mertar):
220% waak
moriar. 350%
Ductility: 1.7
o 8 fimes

stone

Maxmum
load on beoth
zde;  zmgle

zide and
hybnd:
135kN to
216. 188 and
201 kN,
duetility:
119mm to
2272, 1408
and 24.08mm

Lad capacity
and stiffness
was 2156 kN

and 4829
MPa (7 and
184 Ya
ncreaze)

caused GFRP

wire failure

In the
constant
moment
reglon  bed
jomt between
brick and
mortar
debonded
Due to GFRP
anchor Spike
rupture of
GFRF  sheet

occwred

Arching
mechanizm
due o
flexural

cracks

Diagonal
crack mstead
of
ConcenTAtnE
in muddle
widezpread
on the
surface

Linear
dizgonal
cracks

Single side:
out of plane
bending
cauzed
faillure, beth
side and
hybnd
detzchment
of remforced
coafing

Diagonal
cracks along
the
comprezsed
dizgonal axe:
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Mustafara) Clay brick
and Yardm
[45]

Weng et al.  Clay buck
[46]

Sadek and Hollow
Lizzel [33] concrete
block

El-Diasity
erzl [54] Clay brick

Eftekhar
and Emamu  Clay buck

[22

Al Sayed et Hollow
al [35] concrete
block

Diagonal
compresslon

Lateral

evelie test

Lateral
cyclie text

Lateral
cyclie text

Diagonal
compresslon

Blazt
loading

Shear
GFEP mesh resistance Lirear
embedded 127% dizgonal
1200 1200 GERP mezh mortar ductlity: cracks  with
jacketmg m  1100% moderate
both side moduluz  of post-peak
rigidity: behaviour
630%
Diszipation
of EnEITY
mereased m Bk at
Cement 100 to footing
3000 1500 GERP mezh mortar coatmz 286 3% cruzhed
on GEFEP  ultimate detachment
mezh dizplacement  of GFRP
zrow  from  sheeis
100 to
166.4%
Gnd and  Lateral Gnd:
Ladder shape ecapacity detachment
1600 1400 GERP Geognids GFEP mesh incorsazed m of mortar 2
uzed m bed averaze shdmg,
jenis 547% (znd Ladder:
83% ladder: dizgonal step
15%) farlure

Failure mode
occurred  at

Femrocement: imcreased Failure due to
2400 2020 GFRP —  Laying of capacity and the diagonal
Femrocement mortar layer ducnlity, shear cracks

and diagonal  strength: 27-

GFEEP sheets 32%,

Dizzipation
of  enerzy:
33-83%
Ultimate
Bonng and  ztram m  Shding n
Grooving bermg: 23-  honrzontal
870 870 GERP zhests methods m 43% and  bed Jjolnts
mounting the gzrocoving and diagonal
sheats method: 21.3-  sphttmg
33%
mcreasad
2800 1500 GERP zheers GFEP shests Strensthen Debonding of
attached to  wall remain GFRP cheets
one swde of attached to  observed
wall and Infill

anchored mfll

Based on the investigation of the literature concerning experimental tests  been built and the main data are listed in Table 2. Note that in the last

on unreinforced masonry walls and GFRP strengthened masonry wall, a  column DT, DB, DL and SF are shortened words for diagonal tension,

dataset of the results of shear-compression tests and out-of-plane test has  debonding, delamination and Shear failure.
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Table 2. Database of experimental results on masonry walls reinforced by GFRP.

Length  Height Aspee p_[EN]  B[EV] g, [mm] g, [mm]

Anthors Set  Spectmen  Description Tvpe of (L) (EH) trio o a or i Failure
loading (1) (mm} EHL) FoIMPa] f.[MPa] . ™l ¥ %] made
URM1 Diagzonal 1200 1200 1 131 EN: 031 0.08 % 0.08 % 1.00 DT
Compression 0.31 MPa WPz
URM? Diagonal 1700 1200 1 100 EN:  0.24 011%  011% 1.00 DT
compreszion 0.24 MBz MPa
URM3 Unreinforced Dls_z\:-ns_l_ 1200 1200 1 08 EN: 023 0.05 % 0.05 % 1.00 DT
) Compression 0.23 MPa WPz
T urae mazomy wall g omal 1200 1200 1 0.3 002%  017% 18§ DT
Compression WPz
URMS Diagzonal 1200 1200 1 03MPa 002 % 0.11% 1.22 DT
compreszion
URMIE Diagzonal 1200 1200 1 023 0.14 % 0.15% 107 DT
Compression WPz
8C-2-1 Diazomal 1200 1200 1 0.9 MPa 052 % 061 % 1.17 DT+DB
2 Sand-Cement compression
SC-2-2 Plaster Diagzonal 1200 1200 1 0.84 036 % 0.36% 1.00 DI+DB
Compression WPz
SC1-1-1 Diazomal 1200 1200 1 2 EN; 039 023 % 064 % 278 DT
Cement - lime+  Ccomprassion 0.48 MBz MPa
SC1-12 glass  fiber Disgonal 1200 1200 1 02 BN 039 037%  079% 214 DT
3 plaster on each Compression 042 0Pz WPz
SC12-1 2o both ~ide Diagonal 1700 1200 1 401 EN; 0DOMPa  038%  045% 118 DI+D3
compreszion 0.85 MBz
SC1-2.2 Diagzonal 1200 1200 1 378 EN: 083 0.0% % 0.4 % 167 DI+DB
comprassion 0.8 0Pz Pz
5L-1-1 Diagzonal 1200 1200 1 100 EN: 033 038 % 1.05% 2.69 DT
lime—~ zlass  Compression 0.43 MPa WPz
) SL-1-2 fiber olacter on  Diazonal 1200 1200 1 185 EN: 037 018%  136% 716 DT
Del zoppo T compreszion 0.44 MFz MPa
s each and both N
etal [25] SL-2-1 Diagonal 1200 1200 1 280 KN; 07MPa 008%  008% 133 DI+DB
e Compression 0.68 MPa
SL-2-2 Diazomal 1200 1200 1 335 EN; 081 016 % 049 1.50 DT+DB
compreszion MPa
G30CL-1-  GFRP maesh  Diagonzl 1200 1200 1 0D5MPa  021% 058 % 2.64 DT
1 30%30  with compression
G30CL-1-  cement — lime Diagonal 1200 1200 1 031 0.66 % 1.75% 2.65 oT
5 2 mortar = glass  ComprEsion MPz
G30CL-2-  fiber on  one  Dizgonal 1200 1200 1 0.89 0.12 % 0.51 % 425 DI+DB
1 side and both compression MPa
G30CL-2-  side Diazomal 1200 1200 1 0.7§ 032 % 0309 1.22 DT+DB
2 compression MPa
G30L-1-1 GFRP mesh  Disgonal 1200 1200 1 0.36 024 % 0.78 % 3325 DT
30230 with — Compression WPz
G30L-1-2 lime mortar + Di#zonal 1200 1200 1 04MP2 007 % 0.71% 10.14 oT
& glazz: fiber on CemprEaion )
G3I0L-2-1 Diiagonsl 1200 1200 1 058 0.08 % 0240 267 DT+DB
oue cide and compression MPa
G3I0L-2-2 both =ide Dingonsl 1200 1200 1 0.42 0.06 % 01% 1.67 DI-DB
compreszion MPa
G40CL-1-  GFRP maesh  Diagonzl 1200 1200 1 0.32 037 % 0.60 % 256 DT
1 40240 with  compression MPz
G40CL-1- cement — lime Diagonal 1200 1200 1 0.51 02% 088 % 440 DT
7 2 mortar = glass  ComprEsion MPz
G40CL-2- fiber on one Diagonsl 1200 1200 1 0.87 .76 % 181 % 238 DI+DB
1 side and both compression MPa
GADCL-2.  side Diazomal 1200 1200 1 0.83 05% 083 %% 1.66 DT+DB+
2 compreszion MPa DL
G40L-1-1 Diagzonal 1200 1200 1 051 02% 0.66 % 330 DT
GFRP mesh  Compression WPz
G40L-1-2 40%40 gy Diagensl 1200 1200 1 0.51 047 % 082% 198 DT
compreszion MPa
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3 GERP Wall rerofimed by test KN mm
W3-H- borizowsl GEEF shear  §30 633 074  S5T6kN  70.88 93Tmm 372 DL
GERP kM
Wall-C URM Cyclic shesr 1600 1400 0875 GOEN 40.21 2 mm S0dmm 25
it KN
Sreel ladder 135
2 Walls shape mesh m Ve sBew gpp 1400 0875 O8N 738 Fmmo 405 mm Sliding
bed jomnts Tt K
GFEP  mesh Cyele shear 600 1400 0873 43.26 5 mm 10.14 2.03 Sliding
fest kM nm

with  sectional
area of 7.1 m yelic  shear 1600 1400 087%  96kM 4717 5 mm 1014 203
bed joints tast kN mm

shear 1400 1400 0875 100kN S13EN  Smm 10.14 2.03

GFRF mesh
E(ladder)  with sectional

shear 1600 1400 0875 0N 3217 4mm 1014 154

4 Wall- area of 45 m yelic  shear 1600 1400 0875 111EN 2215 10 mm 2022 2.02 Sliding
El(Gnd) bed jomnts test M mm

shear 1600 1400 0875 B0KN TEIEN  Smm 1522 3.04 Sliding
mm

URM Lareral Cyelic 2400 2020 084 200 KN 248.83 35 mm 134mm 181 SF+DT
CTEL kM
Lateral Cyclic 2400 2020 0.84 360 kN 2814 5 mm 151 mm 2.01 SF+DT

Solid masenry

2 wall rewofitted  Lateral Cyclic 2400 020 0.84 3785 EN 332.56 1125 14.05 125 Rocking
by ferrocement kM i T
Lareral Cyclic 2400 2020 0.84 ITEEN 351.14 8.5 num 1193 1.41 Focking
kI mm
El-Dhazity CLV-5- Solid masonry  Lateral Cyclic 2400 2020 0.84 386 KN 360.46 11 mm 138mm  12% Rockng
etal [34] 3 GFRP-X  wall remofitted L
CLY-5- by GFRP Lareral Cyclic 2400 2020 0.84 S40EN S42EN 4 mm 14mm 1.00 Rocking
GFEP-F
CLY-P-W URM with  Lateral Cyclic 2400 2020 0.84 250EN 2175 12 mm 162 mm 135 SF
4 opening N
Lareral Cyclic 2400 2020 0.84 205 KN 120.37 15 mm 27 mm 1.80 SF
i)
URM with  Lateral Cyclic 2400 2020 0.84 2T0EN 18519 16 mm 34 mm 213 Diagonal
5 opening kN
retrofitted by  Lareral Cyclic 2400 2020 0.54 3 257.5 7.3 mm 27mm 3.70
ferrocement kN cpemng
UBM Lateral Cyclic 1500 2000 1.33 118mm 151 DT
Lateral Cyclic 1500 2000 1.33 277 1.52 L=
(Crattesco 3 GFRM i
etal [42] MSE3 ;acketine Lateral Cyclic 1500 2000 1.33 2404 1.20 Crut-0f
: - nem Plane
bending
3 KISE4 Hybnd Lateral Cyclic 1500 000 133 201 EN 675 KN 161 mmm 2408 1.50 DB
nem

300 300 0.8 0248% 2866% 1081 DT
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36-UR URM 300 300 02821% 2004 10.24 DT
I1-RO 300 300 037%  1264% 3415 DI
3I-RO Masonry panels 300 300 037% 200 % 2457 LT
33D l;;;;mﬁ" o 300 300 057%  788% 1382 DI
Bomi &t 7 an
al [43] 2 34D different mortar 300 300 063 % 1248% 1981 DT
coating
37-R2 300 300 0.75 % 7644 10.1% DB
38-R2 300 300 0.76 % T.18% 943 L=
59-C 300 300 0.76 % 1137% 1496 DB
40-C 300 300 052%  635%  114) DB
W1 200 1200 0.06 % 0.06% 1.00 SF+
Shding
W2 URM 1200 1200 0.023 % 1.00 SF+
- Sliding
wa 1200 1200 004%  004% 100 SE-
Sliding
W4- 1200 1200 004 %0 0.2% 5.00 DT =
GIRP vielding
. GFRF  mesh _ ) ) - sfmesh
5 W3- embedded @ —iagenal 1200 1200 0.4 % 0.5 % 1.14 DT +
GERP L 5l yielding
coating of mesls
W6- 1200 1200 0.1% 0.2% 2.00 DT +
GIRP yielding
of mesh
U-Wl1 Unreinforced 835 63 0.74 33fmm  446lmm 137 DT
masonry wall
2 DR-W1 Remforced by 835 63 0.74 008 kD TETS 288 mm 467 mm 57 DL
Magamini - kN
(2020 [10] GFRP stmps -
3 R-W2 Repaired with Cyclic hear 835 63 0.74 4583 kM 40.81 17mm  7.88 mm DL
GFRP stnps test KN
Clayl Static  shear 1200 1200 EER 1402 220 Slhiding
Clay masonry 3 R
Clay2 units Static shear 1200 1200 06,72 K 121 mm 05
test ot
Clay? Swiic  shewr 1200 1200 BLOG K 08 DI
Stratford test __
etal [18] Concretel Static shear 1200 1200 R 1248 1.53 DT
2 Hallow test e
Concrete Concrets Static shear 1200 1200 05.02 K 8126 T24mm 1200 167 DB
tast ) mm
masonry units . . - . - - -
Concrered Static  shear 200 1200 1 1315 1EN 1104 lom 1222 4 oT
2t iy mm
FL-C URM In-Flane 1650 14350 0.87 0.8 mm 0.8 mm 0o
Lateral
Loading
Strengthened In-Flans 1650 14350 0.87 626 kN 128mm  13mm 0z Detachims
e PL-S b GFRp  Latenl nt of
= ]a..u.:‘ ) laminate Loading lamninares
Moallom VL URM In-Plane 1650 1450 087 FSEN  O0fmm  O6mm (0  Crushmg
. B Vertical
v Loading
Strengthened In-Plane 1650 1450 087 320 kN 12mm  13mm 1.08
VS by GFRP  Vercal
Loading
avoided, in other term, failure mode of the strengthened
6. Conclusions masonry wall heavily depends on the local debonding.
In this paper, a literature review of the theoretical formulations used to . In the terms of Comparison of effectiveness of GFRP strips, it
predict the capacities of masonry walls retrofitted by GFRP materials could be comprehended that the efficiency of combination of
subjected to in-plane and out-of-plane loading are reported. Furthermore, horizontal and vertical has more improvement in shear strength
this study presents a manuscript aimed at a systematic review of the compare to diagonal configuration.
existing seismic retrofit/strengthening techniques by using GFRP for . Regarding horizontal and diagonal applications of GFRP strips
unreinforced masonry walls. A detailed anthology and organized review and both of them, horizontal stripes have more effect on the
based on their common characteristics and effects on the seismic improvement of shear capacity.
performance were described. According to the results of the studies: e Despite the fact that application of GFRP sheets on one side of
J Despite the fact that in majority of cased retrofits were the wall compared to both sides, is more realistic, makes the
successful, Delamination and shear failure of the walls can walls more prone and susceptible to out-of-plane deformation
suddenly occur without exploring all the potentialities of the but provides better ductility.
strengthening material. Also, the increase in resistance was . Throughout the review, almost in all of the studies application

appreciable, in particular, in the case of the wall reinforced with

diagonal GFRP strips as the delamination phenomenon is

of GFRP materials compared to conventional materials like
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Steel mesh, provide better post-peak behaviour and moderate
decrease in load capacity and stiffness.

. In FRCM technique using cement as a mortar coating provides
higher stiffness rather than lime. In stark contrast, however,
using a lower cement ratio in coating mortar caused lower
capacity of dissipation of energy.

. Regarding application of FRCM on one side of walls, prediction
equations in designing guidelines codes, e.g., ACI, should be

considered 30% reduced.
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