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Abstract
The in-plane shear behaviour of a new seismic retrofit concept which combines two stan-
dalone retrofit measures for in-plane and out-of-plane strengthening of masonry walls was 
investigated. The in-plane reinforcement consists of a single-sided carbon fabric-reinforced 
cementitious matrix (FRCM) overlay, while the out-of-plane reinforcement consists of 
deep mounted carbon fibre reinforced polymer strips embedded in a viscous-elastic epoxy. 
An experimental program was undertaken in which clay brick masonry wallettes were 
subjected to the diagonal compression test to assess the effectiveness of the strengthening 
system on the in-plane behaviour. The obtained results showed that the single-sided car-
bon FRCM overlay increased the shear capacity with 80%, compared to the unstrengthened 
control specimens. Moreover, by testing two different FRCM overlay thicknesses it was 
found that a thicker matrix layer does not increase the shear capacity of wallettes. However, 
wallettes provided with a thicker FRCM overlay did show a higher level of ductility. Fur-
thermore, the obtained experimental results showed that the presence of only the aforemen-
tioned out-of-plane reinforcement does not affect the in-plane strength of masonry wallettes 
loaded under shear, and even prevented the disintegration after reaching the failure load 
compared to the unstrengthened control specimens. Finally, an existing analytical model as 
well as the Eurocode 8 design provisions were compared to the found failure mechanisms 
and failure loads. The analytical model developed showed good correspondence with the 
experimental values for both the failure mechanism and failure load, with an experimental/
model ratio (�) of 0.98, while Eurocode 8 proved to lead to conservative values.
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List of symbols
Ac	� Interface loading area between the steel shoe and the wallette ( mm2)
Af 	� Area of mesh per unit width ( mm2∕mm)
An	� Cross sectional area of the specimen, parallel to the bed joint ( mm2)
bf , bp	� Width groove; width CFRP strip ( mm)
df , dff 	� Depth groove; Depth mortar ( mm)
D′	� Depth of the compressed area ( mm)
E,Ef 	� Modulus of elasticity, tensile modulus of elasticity of the CFRP mesh 

( N∕mm2)
fc	� Compressive strength ( N∕mm2)
fm, fb, fmas	� Compressive strength masonry; mean: normalized mean; mean/confi-

dence factor ( N∕mm2)
fsf 	� Reduced shear strength ( N∕mm2)
fst	� Splitting tensile strength of the clay brick ( N∕mm2)
ft	� Tensile strength ( N∕mm2)
ftd, ftk	� Design stress allowed to the CFRP mesh: maximum; characteristic 

( N∕mm2)
f ′
tb

	� Tensile strength masonry ( N∕mm2)
fv, fv,0, f

∗
v,0

	� Shear strength; Initial shear strength; reduced initial shear strength 
( N∕mm2)

g	� Gauge length ( mm)
Ge	� Shear modulus of rigidity ( kN∕mm2)
hb, hw	� Height brick; height wallette ( mm)
lb, lw	� Length brick; length wallette ( mm)
n	� Number of mesh layers (–)
ntest	� Number of test specimens (–)
N	� Axial load ( kN)
P	� Compressive force applied to the specimen ( kN)
Pmax	� Maximum value of the compressive force applied to the specimen ( kN)
tFRCM	� Thickness FRCM layer ( mm)
tw, tp	� Thickness specimen (as-built); Thickness CFRP strip ( mm)
Vc	� Shear force capacity for crushing failure ( kN)
VCOMB	� Mean shear strength of the COMB specimens as obtained with the 

experiments ( kN)
Vdt,Vdt,EC	� Shear force capacity for diagonal tension failure: analytical; EC8 ( kN)
Vfl,EC,Vfl,EC′	� Shear force capacity for flexural/toe crushing failure (EC8): original; 

modified ( kN)
VFRCM	� Estimation of the mean shear contribution of the FRCM reinforcement 

( kN)
Vm	� Shear strength for unstrengthened masonry ( kN)
Vm,EC,Vm,EC′	� Minimum shear capacity, following EC8: original; modified ( kN)
VRd,m,VRd,m,EC	� Design shear resistance of unstrengthened masonry: analytical model; 

EC8 ( kN)
VRd,RM ,VRd,RM′	� Design shear resistance of FRCM reinforced masonry: no reduction fac-

tors; with reduction factors ( kN)
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VRd,max,c	� Maximum design shear resistance corresponding to compression failure 
( kN)

VRd,t	� Design shear resistance contribution of the FRCM overlay ( kN)
VRM	� Nominal shear strength of FRCM reinforced masonry ( kN)
Vsf ,Vsf ,EC	� Shear force capacity for shear friction failure: analytical; EC8 ( kN)
Vss	� Shear force capacity for shear sliding failure ( kN)
Vt	� Nominal shear strength contribution of FRCM overlay ( kN)
wb	� Width brick ( mm)
�e, �max, �u	� Shear strain: elastic; at peak stress; ultimate (‰)
�M , �t, �Rd	� Partial factor; material factor; partial factor for shear (–)
�	� Distance between edge of specimen and concentrated force V ( mm)
ΔH,ΔV 	� Horizontal elongation; Vertical shortening ( mm)
�h, �u, �r, �v	� Horizontal strain, strain at as-built side; strain at reinforced side; vertical 

strain (‰)
�m, �ult	� Cracking strain of the reinforced mortar; ultimate strain of the CFRP 

mesh
�fv	� Design value of the tensile strain of the CFRP mesh (ACI 549-13) (‰)
�	� Angle between the bed joint direction and the main diagonal of the 

wallette
�	� Pseudo-ductility ratio (–)
�ma,�

∗
ma

	� Friction coefficient; reduced friction coefficient (–)
�, �r	� Density; reinforcement ratio (–)
�m, �n, �ult	� Cracking stress of the reinforced mortar; axial stress; ultimate stress of 

the mesh ( N∕mm2)
�, �e, �u	� Shear stress: average; at crack initiation; at ultimate shear strain ( N∕mm2)
�	� Experimental/model ratio (–)
�v	� Strength reduction factor for shear (–)

1 � Background

In Groningen, an area in the Northeast of the Netherlands, earthquakes occur because of 
gas production from the Groningen field. Decades of gas production led to the depletion 
of the pressure of hydrocarbon gas within the reservoir pore space, causing the reservoir 
to compact. In turn, this compaction increases the mechanical loads acting on pre-exist-
ing geological faults within and close to the reservoir. Some small fraction of these faults 
become unstable and are therefore prone to slip. Abrupt slip on such a fault results in an 
earthquake that radiates seismic energy (Bourne and Oates 2017). Although the magni-
tude of these induced earthquakes on Richter’s scale is relatively low (< 3.5), they have 
a big impact on the buildings in the region due the soft surface soils in the area and the 
shallow depth (3  km beneath earth’s surface) at which they occur (Van Thienen-Visser 
and Breunese 2015). As the majority of the buildings in Groningen are composed of cav-
ity walls with single whyte load bearing walls of unstrengthened clay brick masonry, and 
are designed to only resist wind loads, it is essential to improve the earthquake resistance 
of the existing buildings in the area to prevent collapse, with likely casualties. A broad 
range of strengthening techniques for enhancing the capacity of Unstrengthened Masonry 
(URM) walls are available nowadays. Traditional strengthening methods such as reinforced 
concrete jacketing and steel frames, however, add considerable mass to the structure, are 



728	 Bulletin of Earthquake Engineering (2020) 18:725–765

1 3

labor intensive, and generally alter the esthetics of a building (Triantafillou 1998). These 
disadvantages led to the idea of using Fibre Reinforced Polymers (FRP) composites for 
strengthening of masonry. Typically, these materials are made of Carbon (CFRP), Glass 
(GFRP), Basalt (BFRP) or Aramid (AFRP) fibres bonded together by an epoxy-resin. The 
main advantages of FRP include high strength, high stiffness, low weight and immunity to 
corrosion (Ianniruberto and Rinaldi 2001). Initially, FRP was used in the form of Exter-
nally Bonded (EB) sheets for both in-plane and out-of-plane strengthening of masonry. 
In this method firstly the surface of the substrate is prepared by removing contamination 
and weak surface layers, after which a FRP sheet is adhesively bonded to the substrate by 
means of an organic resin. This strengthening system has proven to be highly effective in 
enhancing both the shear capacity, the flexural capacity and the ductility of masonry walls. 
The main disadvantages of this method were however found to be vulnerability to environ-
mental influences, vulnerability to fire, high cost of epoxies, lack of vapor permeability, 
inability to install the system on damp substrate and inability to install the system at low 
temperatures (Papanicolaou et al. 2008; Petersen 2009; Banijamali et al. 2015).

All these drawbacks can be mainly attributed to the organic resins used to bind the FRP 
to the substrate, and therefore a logical solution was the replacement of the organic binder 
by an inorganic binder (e.g. cement-based mortar). Moreover, continuous fibre sheets were 
replaced by textiles (FRP meshes) in order to achieve mechanical interlock between the 
textile and the cement-based mortar, since these inorganic binders lack the ability to pen-
etrate and wet individual fibres (Papanicolaou et  al. 2008). The resulting strengthening 
system of cement-based mortar matrix reinforced by continuous dry-fibre fabric is known 
under different appellations, one being fabric-reinforced cementitious matrix (FRCM) 
(Nanni 2012). Arboleda et  al. (2014) studied the durability characteristics of the carbon 
FRCM composite system. Environmental stresses such as frost and chemical attack were 
addressed with exposure environments such as freeze/thaw cycles, high temperature water 
vapor and immersion in seawater. The authors concluded that no significant loss of residual 
tensile strength and bond strength were observed under the aforementioned conditions.

Previous experimental studies on FRCM reinforced masonry have highlighted a signifi-
cant improvement for in-plane shear capacity. Mantegazza et al. (2006) performed diagonal 
compression tests on 11 single whyte clay brick masonry wallettes, both unstrengthened 
and strengthened. Based on the tests the author stated that the masonry portion involved in 
the load resisting mechanism is larger in FRCM strengthened specimens than that involved 
in unstrengthened specimens. In contrary to the unstrengthened specimens, multiple cracks 
were visible on these specimens. The specimens provided with a double layer of FRCM 
showed debonding failure. The authors found that the strengthening system modified the 
failure mechanism and increased both the in-plane strength and stiffness of a wallette. 
The increase in strength was found to be greatest for the double-sided FRCM specimens. 
Babaeidarabad, De Caso and Nanni (2013) carried out an experimental campaign aimed at 
assessing the effectiveness of carbon FRCM for the strengthening of clay brick masonry 
and evaluating the validity of an existing analytical model. Test results showed that the 
increase in ultimate in-plane strength is proportional to the amount of FRCM and ranged 
between 2.4 and 4.7 times that of the unstrengthened specimens. Moreover, the authors 
reported that substrate toe-crushing failure occurred for wallettes with a calibrated rein-
forcement ratio higher than 4%, and therefore increments of FRCM beyond this value are 
ineffective according to the researchers. Additionally, test results revealed that the FRCM 
strengthening method also effectively increases both the stiffness and ductility of wallettes. 
The increase in ductility was found to be higher for the specimens provided with 1-ply 
than for 4-ply FRCM to both sides. From these test results the authors inferred that the 
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ductility of 4-ply strengthened masonry wallettes were limited by toe-crushing failure prior 
to FRCM failure. Thus, the failure modes of FRCM strengthened panels is directly influ-
enced by the strengthening scheme. Ismail (2012) investigated the in-plane behaviour of 
double wythe clay masonry wallettes strengthened with different types of FRCM systems. 
The shear strength of single-sided retrofitted wallettes ranged from 113 to 148% compared 
with the strength of the unstrengthened wallettes, whereas the shear strength of test wal-
lettes with a double-sided FRCM retrofit ranged from 446 to 481%. The author attrib-
uted the lower increase in shear strength for the single-sided retrofitted specimens to the 
unrestrained boundary conditions of the diagonal compression tests, as these specimens 
showed out-of-plane bending behaviour. Therefore, the researcher proclaimed that these 
values must be regarded as conservative. The author reported that in reality walls have 
more restrained boundary conditions and super imposed vertical loads and therefore larger 
shear strength increments can be achieved.

For the out-of-plane strengthening of masonry walls the FRCM system requires applica-
tion to both faces of a wall. In case of strengthening of load bearing leafs of cavity walls, 
this would require the removal of the façade of a building for the installation of the FRCM 
layer on the cavity side of the wall, as well as temporary rehousing of the occupants in 
order to install the FRCM layer from within the building. This would therefore be a very 
costly operation. The cost effective retrofitting can be enhanced by implementing the near 
surface mounted (NSM) out-of-plane reinforcement technique, where FRP strips or rods 
are inserted into grooves cut in the surface of a wall. The NSM technique proved to be 
a feasible strengthening method. Compared to the EB technique this method leads to a 
significantly higher axial strain at debonding and a reduced construction time (Seracino 
et al. 2007; Petersen et al. 2009). However, since the FRP strips or rods are placed right 
underneath the walls’ surface, double-sided application is required for strengthening for 
both out-of-plane loading directions, and therefore leading to the same drawbacks as 
mentioned for the FRCM system. The deep mounted technique was accordingly devel-
oped where deeper grooves are cut in the masonry, after which FRP strips are installed 
in the center of the wall. The FRP strips therefore offer additional out-of-plane flexural 
strength to the wall for both out-of-plane loading directions whilst only installing the rein-
forcement from one side of the wall, leading to cost-effective retrofitting (Türkmen et al. 
2016; Türkmen et al. 2017). This system uses a viscous-elastic epoxy instead of a conven-
tional stiff epoxy for the installation of the FRP strips, since previous out-of-plane bending 
tests on strengthened masonry panels by Türkmen et  al. (2016) showed that by using a 
viscous-elastic epoxy (Young’s modulus < 50 N/mm2) instead a conventional stiff adhesive 
(Young’s modulus ~ 10,000 N/mm2), a significant increase in terms of ductility and maxi-
mum withstandable load is reached and critical crack development is prevented. Similar 
findings were previously reported by Kwiecień (2012) and Derkowski et al. (2013). Addi-
tionally, the improved stress distributions over the bonded length due to the application 
of a flexible adhesive (Türkmen et al. 2018) made the deep mounting of the CFRP strips 
possible. The use of a conventional stiff adhesive for deep mounting results in premature 
splitting failure in the masonry as observed by Dizhur et al. (2014) during their direct pull-
test experimental campaign.

A schematic overview of the proposed combined reinforcement concept is shown in 
Fig. 1. Previously static-cyclic in-plane shear tests were performed on full-scaled masonry 
specimens strengthened with this combined reinforcement system (Türkmen et al. 2018). 
Within the full-scale wall experimental program rocking and sliding failure were observed, 
but no shear failure was observed in the surfaces for any of the specimens. It was therefore 
considered essential to perform additional tests to determine the in-plane shear capacity of 
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walls strengthened with this combined system. The diagonal compression test was selected 
for this purpose. While the influence of FRCM reinforcement on the in-plane behaviour of 
masonry wallettes has been a popular subject of research for the past years, the influence 
of the aforementioned combination of retrofit measures on the in-plane shear capacity of 
masonry has not been investigated before. Moreover, this experimental program aims to 
investigate the possible degrading effect of the proposed out-of-plane strengthening system 
on the in-plane shear strength of masonry panels. Finally, the experimental results will be 
compared to the outcomes of existing analytical models and design codes, to check the 
validity of these models for this combined retrofit system.

2 � Experimental program

2.1 � Materials and characterization

The clay bricks used in this research had dimensions of 205(± 4) × 95(± 2) × 50(± 2)  m
m3 

(

lb × wb × hb
)

. Several mechanical characteristics of the used clay bricks were deter-
mined with an experimental program conform the corresponding standards. The bricks 
had a mean compressive strength of 31.7 N/mm2 (n = 12; COV = 7.4%), where n and COV 
are  the amount of tested specimens and the Coefficient of Variation   respectively. The 
compressive strength of the clay bricks were determined following the EN 772-1 (2015) 
standard using gypsum capping and half bricks. The mean splitting tensile strength (deter-
mined conform ASTM C1006-07 2007) and flexural tensile strength (obtained following 
ASTM C67-03 2003) of the bricks were found to be 3.34 N/mm2 (n = 12; COV = 8.7%) 
and 5.89  N/mm2 (n = 9; COV = 7.4%). The mean flexural tensile strength of the mortar 
specimens was found to be 3.6 N/mm2 (n = 8, COV = 16.5%), and the mean compressive 
strength of the mortar was 10.6 N/mm2 (n = 16; COV = 20.7%). Both the flexural tensile 
strength and the compressive strength of the mortar specimens were determined accord-
ing to EN 1015-11 (2007a). Compression tests were performed on three masonry speci-
mens, consisting of 6 brick high masonry prisms, under displacement control with a load-
ing speed of 0.20 mm/min. The average compressive strength 

(

fm
)

 of the specimens was 
14.8  N/mm2 (COV = 6.1%). The Young’s modulus was determined as a secant modulus 

Fig. 1   Reinforcement concept for a house with cavity walls, where the FRCM reinforcement and deep 
mounted CFRP strips are installed from either the inside (temporary rehousing occupants) or the outside 
(removal of the façade) on the load bearing walls to secure cost-effective retrofitting
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at 35% of the compressive strength in accordance with EN 1052-1 (1998). The average 
modulus of elasticity of the masonry prims was found to be 3100 N/mm2 (COV = 2.5%).

In order to determine the mechanical properties of the masonry under shear in accord-
ance with EN 1052-3 (2007b), a total of 9 triplet shear tests was performed at three differ-
ent normal stress levels: 0.2, 0.6 and 1.0 N/mm2. For each specimen the relation between 
the applied normal stress and the shear strength has been established. The ratio between 
the compressive stress and the shear strength of the masonry was obtained using a linear 
regression. The parameters for the Coulomb’s friction criterion follow from Eq. (1):

with fv,0 , �ma and �n being the initial shear strength, friction coefficient and axial load 
respectively. The residual shear strength 

(

fv,0,res
)

 and residual coefficient of friction 
(

�ma,res

)

 
were determined by applying the same linear regression analysis when a plateau was 
reached in the post-peak phase. The mechanical properties of the materials used for build-
ing the specimens for this study are summarized in Table 1.

The obtained values regarding the mechanical properties of the masonry under shear 
were compared with the results of the study carried out by Jafari et al. (2017) on the mate-
rial properties characterization of Dutch URM, and the values proposed in the Dutch Prac-
tical Guideline for the seismic assessment of local buildings in Groningen, NPR 9998 
(2018). From the comparison it was concluded that the shear properties of masonry used in 
this study showed an acceptable agreement with shear properties as obtained by Jafari et al. 
(2017) and proposed in NPR 9998 (2018).

The reinforced mortar used for the mortar matrix was a polymer modified mortar based 
on organic binders, polymer fibres and selected aggregates, with a maximum grain size of 
1.8 mm. The polymer fibres are shown in Fig. 2a. The additional reactive components, which 
were mixed into the reinforcement mortar, bonded with the amorphous silica on the carbon 
FRP mesh. This ensured an improved adhesion between the mesh and the cementitious matrix. 
For the preparation of the reinforced mortar, a plastic bonding agent was used in order to 
improve the adhesion of the cementitious matrix to the clay brick substrate. This was done by 
mixing 110 grams of the plastic bonding agent per 10 kg of prepared mortar. The reinforced 
mortar was prepared following the manufacturer’s instructions by adding 2.6L of water to a 
bag of 25 kg dry mortar. Both the flexural tensile strength and the compressive strength of the 
reinforced mortar specimens were determined according to EN 1015-11 (2007a). The aver-
age flexural tensile strength of the reinforced mortar specimens was found to be 7.58 N/mm2 
(n = 9; COV = 11.7%). The mean compressive strength of the reinforced mortar was 62.6 N/
mm2 (n = 12; COV = 1.6%). The weight density was 2138 kg/m3 (n = 6; COV = 1.7%).

The bidirectional carbon FRP mesh, with a fibre weight density of 1.79 g/cm3 and about 
3 mm width per thread, had a square aperture dimension of approximately 50 × 50 mm2. The 
theoretical cross section of the C-fibre for design was 44 mm2. The Young’s modulus, ten-
sile strength and elongation at rupture of the mesh as provided by the supplier are > 240 kN/
mm2, > 4300 N/mm2 and 1.75% respectively for the carbon FRP mesh. The prefabricated 
(pultruded) CFRP strips were 20 mm in width and 1.4 mm in thickness and have a fibre vol-
ume content of > 68%. The Young’s modulus, tensile strength and elongation at rupture of 
the CFRP strip were found to be 215 kN/mm2, 2876 N/mm2 and 1.59% respectively.

The material properties for the two-component viscous-elastic adhesive were obtained 
following ISO 527-1 (2012) using three specimens at a loading rate of 10 mm/min. The 
Young’s modulus was determined as the secant modulus between 0.5% and 5% of the ten-
sile strength, and was found to be 16.0 N/mm2 (COV = 1.7%). The tensile strength and elon-
gation at rupture were determined as 4.3 N/mm2 (COV = 0.9%) and 72.1% (COV = 3.5%)

(1)fv = fv,0 + �ma�n
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Tensile tests were performed using a clevis-type gripping mechanism following the 
American guideline AC434.13 (2013) with a metal tab contact length of 150 mm as rec-
ommended by Donnini and Corinaldesi (2017). The uncracked FRCM slab had a tensile 
strength 

(

�m

)

 of 4.31 N/mm2 (n = 9; COV = 14.9%), a corresponding strain 
(

�m

)

 of 0.016% 
(n = 8; COV = 13.5%) and a Young’s modulus of 27,680 N/mm2 (n = 8; COV = 6.9%). The 
stresses for the uncracked case were calculated with respect to the cross section area of the 
reinforced mortar. For the cracked FRCM slab, the stresses were calculated with respect to 
the cross section area of the CFRP mesh. The ultimate stress in the mesh, �ult , was found 
to be of 1628 N/mm2 (n = 9; COV = 10.2%), with a corresponding ultimate strain 

(

�ult

)

 of 
1.91% (n = 6; COV = 14.9%). The Young’s modulus of the cracked specimen, calculated as 
the slope of the segment of the stress–strain diagram between 0.90 �ult and 0.60 �ult (fol-
lowing AC434.13 2013), was 70,920 N/mm2 (n = 6; COV = 15.3%). The main failure mode 
observed was slippage of the CFRP mesh within the mortar matrix. The mechanical prop-
erties of the materials used for reinforcing the specimens for this study are summarized in 
Table 2.

2.2 � Building the test specimens

The specimens for the diagonal compression tests were built in the testing laboratory of 
QuakeShield in Grijpskerk, the Netherlands. A total of 13 half brick clay masonry wallettes 
(

ntest
)

 were built by an experienced mason. All specimens had a square geometry of about 
700 × 700 mm2 

(

hw × lw
)

 , a nominal thickness of 95 mm 
(

tw
)

 and a nominal mortar thickness 
of 12 mm. The panels had reduced dimensions compared to the prescriptions of the ASTM E 
519-02 (2010) standard (1200 × 1200 mm2) due to the geometrical limitations of the test setup. 
The masonry specimens were constructed against a vertical sideboard to ensure minimum 
horizontal deviation. Because of this construction method, the mortar layer thickness of the 
sideboard side seemed thicker due to the mortar flowing out in the gap between the masonry 
specimen and the sideboard. The masonry specimens were left to cure for at least 28 days in 
the unheated laboratory (8–18 °C) before retrofitting.

2.3 � Reinforcing the masonry specimens

Figure 3 presents photographs of the installment of the reinforcement system in a practi-
cal application. The reinforcement process however is uniform. A schematic overview of 

Fig. 2   Photo of the materials used for reinforcement: a close-up of the dry reinforced mortar, showing the 
polymer fibres b carbon FRP mesh with the amorphous silica intended for improved adhesion; c CFRP strip
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the different specimens in this study is provided in Fig. 4. Details and geometrical proper-
ties of the specimens are provided in Fig. 5 and Table 3. Four of the 13 specimens were 
left untreated (URM). After the walls were sufficiently cured the retrofitting process of the 
other specimens started by milling vertical grooves of 65 mm deep 

(

df
)

 and 10 mm wide 
(

bf
)

 at the center of the wallettes (Fig. 3a). The dust in the groove was removed with com-
pressed air. The CFRP strips with a cross-section of 20 × 1.4 mm2 

(

bp × tp
)

 were cleaned 
with acetone after cutting the strips into the specified length. A layer of primer was then 
applied to the groove (Fig. 3b) to obtain an improved bond of the applied adhesive to the 
masonry. After partially filling the groove with the flexible adhesive (Fig. 3c), the CFRP 
strip was inserted into the groove using a positioning fork (Fig. 3d). Excess adhesive till a 
depth of 30 mm 

(

dff
)

 in the grooves was removed by using a scraper. After the placement 
of the strips, the adhesive was left to cure for one day.   

Fig. 3   Photos showing the different stages of the reinforcement process, taken at a retrofitted building by 
QuakeShield: milling the grooves (a), cleaning the grooves with acetone (b), injecting flexible adhesive in 
the groove (c), pushing the CFRP strip into position with a positioning fork (d), if only CFRP strips need to 
be installed, filling the remaining part of the groove with mortar (e), if an FRCM layer needs to be added, 
installing the first layer of reinforced mortar (f), pressing the CFRP mesh into the mortar (g), application of 
the second layer of mortar matrix (h)

Fig. 4   Schematic overview of the URM, STRIP, COMB10 and COMB20 specimens
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The remaining unfilled parts of the grooves were with filled mortar (same mortar used 
for the FRCM layer). This was done with the purpose of partially restoring the compres-
sive and shear capacity in the groove in order to prevent possible vertical shear failure. 
The masonry surface was wetted prior to the mortar application to prevent shrinkage. On 
three specimens no FRCM layer was installed (STRIP). A photo of a STRIP specimen is 
provided in Fig. 6. For the remaining specimens (COMB10 and COMB20), a thin layer of 
mortar was subsequently applied to the masonry surface by hand. The CFRP mesh was 
then applied on the mortar matrix surface and was pressed into the matrix. After placing 
the CFRP mesh in the mortar a new thin layer of mortar was applied to embed the CFRP 
mesh, resulting in a nominal FRCM layer thickness 

(

tFRCM
)

 of 10 mm and 20 mm for the 
COMB10 and COMB20 specimens respectively. Due to the added FRCM layer, the mass 
of the COMB10 and COMB20 specimens increased with approximately 10.5 kg (21.4 kg/
m2) and 21.0 kg (42.8 kg/m2) respectively. To ensure the compression load being applied 
only on the masonry, the FRCM thickness was reduced close to panel boundaries. The 
specimens were left to cure for an additional 28 days. Figure 7 shows a photo of a COMB 
specimen. 

When only the CFRP mesh, CFRP strip or the FRCM layer is considered, the specimens 
had a reinforcement ratio of �r,mesh = 0.046% , �r,CFRP strip = 0.042% and �r,FRCM = 10.5% 
(per 10 mm layer thickness) based on the cross sectional areas. It should be noted that in 
practice, the reinforcement ratio of the CFRP strip is variable, as the CFRP strips can be 
positioned closer or further apart from each other depending on the design lateral load.

2.4 � Test setup and procedure

To investigate the behaviour of the retrofit system under in-plane loading, the diagonal 
compression test was chosen. The diagonal compression test, as described in ASTM E 519-
02 (2010), is regarded as a simple procedure to determine the shear strength of masonry 
elements. The principle of the test is depicted in Fig. 8a. The diagonal compression test was 
introduced to simulate a pure shear stress state, in accordance with the situation depicted in 
Fig. 8b. Under these conditions the Mohr’s circle of the stress states are reduced (Fig. 8c), 
leading to the corresponding value of average shear stress following Eq. (2):

where P and An are respectively the compressive force applied to the specimen and the 
cross sectional area (parallel to the bed joint) of the specimen. The principal tensile stress 

(2)� =
P

√

2An

Fig. 5   Detail of the reinforced 
specimens
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Fig. 6   Photo of a STRIP speci-
men with a CFRP strip (marked) 
embedded in a flexible adhesive

Fig. 7   Photo of a COMB speci-
men with a CFRP strip (marked) 
embedded in a flexible adhesive 
and FRCM reinforcement layer 
with CFRP mesh (marked)
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(σI) is hence equal to the shear stress. Using Eq. (2) and the ultimate force Pmax leads to the 
shear strength as provided in Eq. (3), where fv and Pmax are respectively the shear strength 
and the compressive failure load of the specimen: 

The diagonal compression tests were performed at the Structures Laboratory of Ein-
dhoven University of Technology. The tests were performed on a Schenk-Trebel servo 
hydraulic compression machine with a maximum capacity of 2.5 MN. The test setup 
consisted of a data acquisition system and a monitoring system consisting of four Linear 
Variable Displacement Transducers (LVDT’s) with a measuring range of + 2 to − 2 mm 
and an accuracy of ± 1/500 mm. A vertically orientated LVDT in the middle of both sides 
of the specimens measured the vertical deformation, while two horizontally positioned 
LVDT’s (one on each side of the specimen) monitored the horizontal deformations. A 
schematic overview and photo of the setup are provided in Figs.  9 and 10 respectively. 
A steel v-shaped loading shoe at the top and bottom side of the specimens was used to 
apply the compressive load to the specimens. The steel shoe consisted of two 20 mm thick 
steel plates with two 50 mm thick steel blocks in between (attached with M16 bolts). The 
steel blocks were perpendicular to each other and had a length of 100 mm, as illustrated 
in Fig.  11. The steel shoes were provided with 10  mm thick softboard to prevent local 

(3)fv =
Pmax
√

2An

(a) (b) (c)

Fig. 8   Illustrations showing: principle of test (a), pure shear stress state (b) and Mohr circle (c)

Fig. 9   Illustration of the test 
setup
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stress concentrations near the supports. Figure 12 shows a photo of the loading shoe. It 
should be noted that due to the reduced dimensions of the test specimens with respect to 
the ASTM E 519-02 (2010) standard, the confining effect produced by the v-shaped steel 
shoes could become more prominent and, consequently, result in a greater loading capacity 
of the tested specimens.   

Each test was performed under displacement control by using the displacement meas-
urement system of the testing machine. A displacement rate of 0.08 mm/min was used until 
a compressive force of 12 kN was reached (corresponding to the force needed to close the 
spacing of the ball hinge of the compression machine) after which the displacement rate 
was lowered to 0.04 mm/min for the remainder of the test. The tests were stopped when 
the compressive force dropped to zero or when significant damage occurred. During the 
tests the cracks were marked on the specimens and photographs were taken of the crack 
propagation.

Fig. 10   Photo of the test setup

Fig. 11   Illustration of the loading 
shoe
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3 � Test results and discussion

The test results are summarized in Table 4. The failure load Pmax and shear strength will be 
discussed first. Failure modes, shear strains (�) , shear strengths 

(

fv
)

 , shear moduli (G) and 
pseudo-ductility factors (�) will be covered in the following sections.

The URM specimens had an average shear strength of 0.75  N/mm2, while the aver-
age shear strength of the masonry specimens reinforced with solely a DM CFRP strip 
was 0.77  N/mm2. From these results it can be concluded that despite the deep grooves, 
the shear strength of a masonry element is not affected by the out-of-plane reinforcement 
system. The average shear strength of COMB10 specimens was 1.24 N/mm2, which is 1.7 
times the unstrengthened specimens’ shear strength. For the COMB20 the shear strength 
was 1.36 N/mm2, resulting in a shear strength amplification factor of 1.8 compared to the 
URM specimens.

Table 4 also presents the spread of the of the strength values. A relatively high scat-
ter in results was obtained for the unstrengthened specimens and the specimens rein-
forced with only a DM CFRP strip, compared to the FRCM reinforced specimens. This 
is however expectable considering the general behaviour of the URM, and the brittle 
failure that occurred during these tests. For the COMB20 specimens a considerably 
lower scatter in results was found. Due to the significant lower FRCM layer thickness 
of specimen COMB10-1 compared to COMB10-2 and COMB10-3, the shear strength 
was also considerably lower. This indicates that the matrix mortar layer thickness has an 
influence on the strength. However, no strong correlation was found between the FRCM 
layer thickness and the failure load 

(

R2
linear

= 0.4
)

.

3.1 � Failure modes

Depending on physical and mechanical properties of a wall, four possible failure 
modes have been identified for URM (Li et al. 2005; Silva et al. 2008; Petersen 2009; 

Fig. 12   Photo of the loading shoe
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Babaeidarabad et al. 2013; Babaeidarabad et al. 2014) and described by Li et al. (2005) 
and (Babaeidarabad et al. 2014):

•	 Shear sliding 
(

Vss

)

 failure takes place along a single bed joint caused by bond failure 
between clay brick and mortar.(Figure 13a).

•	 Shear friction 
(

Vsf

)

 failure is controlled by the loss of bond between the mortar and 
masonry units in the stepped-stair format. (Figure 13b).

•	 Diagonal tension 
(

Vdt

)

 failure occurs when the principal tension stress produced by the 
combination of shear and compressive forces reaches the tensile strength of the wall. 
(Figure 13c).

•	 Crushing 
(

Vc

)

 when the maximum stress on the edges of block exceeds the compressive 
strength of the masonry, compression failure can occur. (Figure 13d).

During the diagonal compression tests several types of failure mechanisms were 
observed. The crack patterns of the tested specimens are illustrated in Fig. 14. Photos of 
some specimens after testing are provided in Fig. 15.

The failure behaviour of the unstrengthened specimens was brittle. Failure of these 
specimens was sudden and no considerable crack development was observed prior to fail-
ure. All URM specimens except URM-4, failed by the formation of one large crack parallel 
to the loading direction. The crack occurred sudden and immediately propagated over the 
height of the specimen, leading to brittle failure. The crack mainly followed a stair-stepped 
pattern, where cracking predominantly occurred at the interface between the units and the 
mortar (i.e. shear friction failure). Unlike the other control specimens, specimen URM-4 
failed by shear sliding at the bed joint located at the second layer from the bottom of the 
specimen.

Specimens provided with only a DM CFRP strip showed mainly the same failure 
behaviour as the unstrengthened control specimens. Specimen STRIP-1 failed by shear 
sliding while the other two specimens, STRIP-2 and STRIP-3, showed stair-stepped diag-
onal cracking (shear friction failure). The STRIP specimens did not disintegrate like the 
unstrengthened specimens after reaching the failure load. This is attributed to the CFRP 
strip, holding the specimen together after failure. Specimens provided with both a DM 
CFRP strip and a single-sided FRCM overlay (COMB10 and COMB20) showed completely 
different failure behaviour. Contrary to the control specimens, these specimens behaved 
more ductile. When the failure load was reached a large diagonal tension crack was formed 
within these specimens on the as-built side, covering the complete vertical diagonal of the 
panels. Unlike the control specimens the strengthened specimens still possessed a consid-
erable amount of capacity after reaching the failure load. During the course of the tests 

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

Fig. 13   Possible failure modes: Shear sliding (a), shear friction (b), diagonal tension (c) and crushing (d)
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multiple cracks developed on the as-built surface of these specimens. Eventually hairline 
cracks were observed at the strengthened side (typical cracking displayed in Fig.  15d). 
Specimen COMB20-1 showed some additional masonry crushing near the bottom support 
at the final test stage.

Where the COMB10-1 and COMB10-2 specimens had two diagonal cracks parallel to 
the vertical diagonal on the as-built side, specimen COMB10-3 (with a nominal FRCM 
layer thickness of only 6.8 mm) showed two diagonal cracks at the bottom half and one 
diagonal crack at the top half of the specimen. In contrary to the COMB10 specimens, 
the COMB20 specimens showed three to four diagonal cracks over a wider area. A pos-
sible explanation for this discrepancy in crack pattern may lie in the difference in thick-
ness of the upper mortar layer of the FRCM overlay. Grande et al. (2018) conducted a 
parametric analysis on the interaction between the CFRP reinforcement and the mortar 
matrix at the level of the interface under shear bond test conditions. The researchers 
served that an increase of the thickness of the upper mortar layer (within certain bound-
aries) and thereby an increase in axial stiffness, led to an increase of the force sustained 
by the reinforcement. It was found that the maximum force of a coupon with an upper 
mortar layer of a certain thickness was 1.4 times higher than the maximum force in 

Fig. 14   Crack patterns and propagation of the specimens (as-built side for COMB10 and COMB20)
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absence of an upper mortar layer. This effect was reported to be strictly correlated to the 
increase of the length of the transfer zone (effective bond length) due to the increase of 
the axial stiffness of the upper mortar layer (Grande et al. 2018). The thicker upper mor-
tar layer leading to an increased utilization of the carbon FRP mesh is in line with the 
experimental observations of this study of more cracks occurring at a wider area with an 
increased FRCM layer thickness.

Next to the mentioned failure modes, out-of-plane bending deformation on all the 
COMB10 and COMB20 specimens were observed towards the end of the conducted 
experiments. This observation is shown in Fig.  16 for the COMB20-3 specimen, where 
the dashed lines represent the specimen at initial condition and the solid lines illustrate 
the specimen at the end of the experiment. The out-of-plane bending was confirmed by 
the difference in cracks between the reinforced side and the as-built side of the specimens. 
Small cracks on the strengthened side and large cracks on the as-built side are associated 
with out-of-plane bending deformation (Prota et al. 2006; Parisi et al. 2019) for one side 
strengthened specimens subjected to diagonal compression tests. The cracks on the as-built 
side, as shown in Fig. 17 for COMB10-2, closed partly as the load was removed.

3.2 � Shear stress–strain diagram

The vertical shortening and horizontal elongation were computed from the mean dis-
placement readings on both sides divided by the gauge length (g), using Eqs. (4) and (5) 
respectively.

Fig. 15   Photos after testing of URM-2 (a), STRIP-3 (b), COMB20-1 as-built side (c) and COMB20-1 rein-
forced side (d)
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The shear stress versus strain diagrams following from the experiments are shown 
in Fig.  18. Specimen URM-4 is not presented in Fig.  18 due to measurement errors. 

(4)�v =
ΔV1 + ΔV2

2gv

(5)�h =
ΔH1 + ΔH2

2gh

Fig. 16   The out-of-plane defor-
mation of the COMB20-3 speci-
men at the end of the test (solid 
line) with respect to the initial 
condition (dashed line)

Fig. 17   Photos showing the 
opening of cracks towards the 
end of the test of the COMB10-2 
specimen on the as-built side
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Additionally, measurements after a 20% drop in the post-peak phase are also not shown. 
The averaged shear stress versus strain diagram for the different configurations is shown in 
Fig. 19.

Comparing the URM and STRIP specimens, no significant differences are noticeable. 
Both specimen types showed linear behaviour up to the point of sudden failure. In contra-
diction to the absence of residual strength for the URM specimen, the STRIP specimens 
had a mean residual strength of 11.2 kN, as shown in Fig. 20. The residual strength was 
determined as the mean value between the point with the first positive slope after the peak 
(marked with “o” in Fig. 20) and the end of the diagonal compression experiment (marked 
with “x” in Fig. 20).

For specimens COMB10 and COMB20, both the strains of the FRCM-side and the as-
built side of the specimen are presented separately with an additional subscript “r” and “u” 
respectively (for example: εh,u is the axial strain in the horizontal direction of the as-built 

Fig. 18   Shear stress versus strain diagrams



748	 Bulletin of Earthquake Engineering (2020) 18:725–765

1 3

side of the specimen). The strain is defined as the mean of the strains measured on both 
sides of the specimens following Eq. (6):

For the specimens reinforced with a FRCM layer, the strains along the as-built side were 
significantly different from the opposite side where FRCM was installed. On the FRCM-
side, lower deformation values were measured in both the horizontal and vertical direction. 
This was in line with the expectations considering the significant difference in modulus 
of elasticity between the mortar matrix and the masonry. For the COMB specimens it was 
noticed that the mean horizontal strain was higher than the mean vertical strain during the 
post-peak phase. This was primarily caused by the diagonal tension cracks on the as-built 
side of the specimens. Noticeable was the difference in strain on the as-built side of the 
COMB-specimens. Despite the higher mean initial stiffness (caused by the FRCM thick-
ness), the mean strains in particular the horizontal direction was significantly higher for the 
COMB20 specimens when compared with the COMB10 specimens. Looking at the crack 
patterns that were presented in Fig. 14, the difference in horizontal strain can be explained 
with the amount of cracks that were formed, more cracks leading to higher deformation 
values.

(6)� =
�u + �r

2

Fig. 20   Force-time diagram of 
the STRIP specimens, showing 
the residual strength

Fig. 19   Averaged shear stress–
strain diagram of the URM, 
STRIP, COMB10 and COMB20 
specimens
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3.3 � Shear modulus

The shear strain is defined in Eq. (7):

The slope of the elastic portion of the τ–γ diagram is denoted as the shear modulus of 
rigidity, (Ge,) according to ASTM E 519-02 (2010), following Eq. (8):

where �e = 0.7�max was assumed to be the cracking shear strength and γe was the corre-
sponding cracking shear strain identified on the experimental τ–γ diagram. The cracking 
shear strain and shear modulus are provided in columns 10 and 11 respectively in Table 4. 
Comparing the URM and STRIP specimens, considering only the cases where the predomi-
nant failure mechanism was shear friction, it can be observed that the STRIP specimens 
result in a 25.3% lower shear modulus. This indicates that the deep grooves resulted in a 
reduction in shear modulus. For the specimens where both shear sliding and shear friction 
occurred (URM-4 and STRIP-1), the shear modulus was found to be approximately the 
same, but higher than the mean value of the corresponding specimen group. This error 
was likely caused by the failure plane concentrating outside the horizontal and/or vertical 
diagonals, where the deformation measurements were made. No significant difference in 
shear moduli was found between the COMB10 and COMB20 specimens, indicating that the 
thickness of the FRCM had limited influence on the shear modulus. A possible explanation 
could be the formation of shrinkage cracks during the curing stage of the FRCM layer, and 
that therefore the enhancement in stiffness and strength is primarily based on the presence 
of the CFRP mesh. Compared with the URM specimens, the application of a single sided 
FRCM layer resulted in an increase of approximately 40% of the shear modulus. It was 
noticeable that the mean shear modulus of COMB20 specimens was more scattered (COV 
15.6%) compared to the COMB10 specimens (COV 3.68%). The shear stress-shear strain 
diagrams are presented in Fig. 21. Specimen COMB10-1 is not included due to the faulty 

(7)� = �v + �h

(8)Ge =
�e

�e

Fig. 21   Shear stress versus shear strain diagrams
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attachment of two LVDT’s, leading to missing data near the failure load. For the remaining 
specimens, the LVDT sensors malfunctioned due to the crack development in the post-
peak phase. Because of this, the shear strain relation of specimens COMB10-2, COMB10-3 
and COMB20-1 have been linear extrapolated to obtain the ultimate shear strain �u (associ-
ated with a maximum 20% strength drop on the post-peak softening branch).

3.4 � Pseudo‑ductility

The wallette’s pseudo-ductility μ (see Column 12 in Table 4), is calculated using Eq. (9), 
where �u = �e for specimens without post peak strength.

In general, a higher pseudo-ductility ratio leads to an increased ability of strengthened 
masonry walls to redistribute stresses, a higher global deformation capacity and an improved 
energy dissipation (Babaeidarabad et al. 2014). The pseudo-ductility factors obtained were in 
the range 8.5–9.3 and 15.4–15.6 for the COMB10 and COMB20 specimens respectively. The 
out-of-plane deformations could result in optimistic factors for the pseudo-ductility.

4 � Evaluation unstrengthened masonry

The in-plane shear capacity of unstrengthened walls were determined using two approaches: 
the analytical model developed by Li et  al. (2005) and the design provisions according to 
Eurocode 8-3 (2005a, b).

4.1 � Analytical model

For the walls subjected to a diagonal compressive force, all of the clamping force on the wal-
lette is provided by the vertical component of the diagonal compression force (Li et al. 2005), 
as shown in Fig. 22. The relationship between the v-component 

(

Pv

)

 and the u-component 
(

Pu

)

 of force P is provided by Eq. (10), with � being the angle between the bed joint direction 
(u-axis) and the main diagonal of the wallette (y-axis).

As the angle between the horizontal and the main diagonal of the wallette was kept con-
stant at 45° during the experimental campaign, Eq. (10) can be reduced to Eq. (11):

An unstrengthened masonry wall fails when the value of the applied shear force reaches 
the minimum shear capacity, Vm, computed in accordance with Eq. (12):

(a)	 Shear sliding 
(

Vss

)

 Recognizing that shear strength results from the combination of 
bond strength and friction resistance between mortar joint and blocks (Li et al. 2005), 
the shear strength is typically modelled with the Mohr–Coulomb relationship provided 
in Eq. (13).

(9)� =
�u

�e

(10)Pv = σnAn = Putan�

(11)Pv = σnAn = Pu =
√

2P

(12)Vm = min
(

Vss;Vsf ;Vdt;Vc

)
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Fig. 22   Forces acting on wallette 
during a diagonal compression 
test

where fv,0 is the shear bond strength and �ma is the average coefficient of friction. The 
cohesive strength obtained with the triplet experiments was 0.38 N/mm2. An average 
value for cohesive strength τ0 of 3% of the masonry gross area compressive strength 
(

f ′
m

)

 is suggested in various researches (Li et al. 2005; Silva et al. 2008; Petersen 2009; 
Babaeidarabad et  al. 2014), resulting in 0.44  N/mm2 for the masonry used in this 
study. For the coefficient of friction μ0, a typical range from 0.3 to 1.2 is assumed (Li 
et al. 2005), with an average of 0.75. This corresponds well with the value obtained 
via the triplet experiments.

The shear capacity due to shear sliding failure is derived from Eq. (14):

Substituting equation Eq. (11) into Eq. (14), the horizontal force to resist shear sliding 
failure along a bed joint can be rewritten as:

(b)	 Shear friction 
(

Vsf

)

 Crisafulli et al. (1995) revised the theory of Mann and Muller 
(1982) and presented a more realistic distribution of normal and shear stresses acting 
on a block (Li et al. 2005). The reduced shear strength fsf  is determined using a modi-
fication of Eq. (13), resulting in:

(13)fv = fv,0 + �ma�n

(14)Vss =
(

fv,0 + �ma�n

)

An

(15)Vss =
fv,0

1 − �ma

An

(16)fsf = f ∗
v,0

+ �
∗
ma
�n
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where f ∗
v,0

 and �∗
ma

 are the reduced shear bond strength and the reduced coefficient of 
friction respectively, which are the confirmed determinative factors for the friction 
failure instead of the actual coefficients fv0 and �ma (Mann and Muller (1982). The 
shear capacity due to shear sliding failure is derived from Eq. (17):

Substituting Eq.  (11) into Eq.  (17), the horizontal force to resist shear friction failure 
can be rewritten as:

(c)	 Diagonal tension 
(

Vdt

)

 The required force to induce diagonal tensile crack of the brick 
is determined using Eq. (19). The tensile strength of the clay brick masonry 

(

f
′

tb

)

 is 
determined by Silva et al. (2008) using Eq. (20):

Substituting Eq. (11) into Eq. (20), the expression of Vdt for the discussed condition 
and present failure mode can be rewritten as:

(d)	 Crushing 
(

Vc

)

 The shear strength to initiate crushing is evaluated as

with Ac being interface loading area between the steel shoe and the wallette, parallel 
to the bed joint. Substituting Eq.  (11) into Eq.  (22), the horizontal force to initiate 
crushing can be obtained:

Equations  (14), (17), (19), and (22) completely represent the failure envelope for the 
shear strength of masonry. Using the relevant parameters provided in Table 5, the failure 
envelope for the unstrengthened masonry used in this experimental research was determined 
as shown in Fig. 23. The failure envelope presented here is a function of the compressive 
stress applied to the wallette, ranging from zero to the compressive strength of the masonry.

(17)Vss =
(

f ∗
v,0

+ �
∗
ma
�n

)

An

(18)Vss =
f ∗
v,0

1 − �∗
ma

An

(19)Vdt =
f �
tb

2.3

√

1 +
�n

f �
tb

An

(20)f �
tb
=

2

3

√

f �
m

(21)Vdt = 1.44f �
tb
An

(22)VC =
(

fm − �n

) 2lb

3hb
Ac

(23)VC =
2lb

3hb + 2lb
fmAc
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Table 5   Masonry properties for the analytical model

Description Symbol Value Unit

Initial shear strength of the mortar joint fv,0 0.38 N/mm2

Coefficient of internal shear friction in mortar joint �0 0.75 –
Angle between the bed joint direction and the main diagonal of the wallette � 45 °
Net area of the masonry wallette cross section, parallel to the bed joint An 66,500 mm2

Height of the brick units hb 50 mm
Length of brick units lb 205 mm
Compressive strength of the masonry fm 14.8 N/mm2

Interface loading area between the steel shoe and the wallette specimen Ac 9500 mm2

Fig. 23   Failure envelope of the 
unstrengthened masonry deter-
mined with the analytical model

4.2 � Design provisions Eurocode 8

According to Eurocode 8-3 (2005b), the shear force capacity of an unstrengthened masonry 
wall controlled by shear under an axial load N is determined with Eq. (24):

where D′ is the depth of the compressed area of the wall and fv is the masonry shear 
strength accounting for the presence of vertical load. In this study, the depth of the com-
pressed area in the bed joints is assumed to be equal to the length of the specimen. The 
masonry shear strength is determined according to Eq. (25):

where fv,0 is the initial shear strength in the absence of vertical load and fb the normal-
ized mean compressive strength of the masonry unit, obtained from either in situ tests or 
additional sources of information, and divided by the confidence factor (= 1 for KL3). In 
primary seismic walls, both these material strengths are further divided by the partial fac-
tor 

(

�M

)

 for masonry in accordance with Eurocode 8-1 (2005a). Characteristic initial shear 
strength of masonry 

(

fv,0
)

 is provided as 0.3 N/mm2 for clay masonry with M10-M20 mor-
tar strength class in Eurocode 6 (2006).

Substituting Eq. (11) in Eq. (24), the horizontal force to resist shear friction failure follow-
ing Eurocode 8-3 (2005b) can be rewritten as:

(24)Vsf ,EC = fv ⋅ D
�
⋅ tw

(25)fv = fv,0 + 0.4
N

An

≤ 0.065 ⋅ fb

(26)Vsf ,EC =
fv,0

0.6
An
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The upper limit 0.065fm takes care of the possibility that failure in shear tension will occur 
in the compression area subjected to a combination of a significant normal compressive stress 
and a shear stress. When failure due to shear tension will occur, cracks will run through the 
units. The shear force capacity for this failure mechanism is provided in Eq. (27):

In contrast with the ASCE/SEI 41-13 (2014), Eurocode 8 does not differentiate the rocking 
mechanism from the toe-crushing mechanism. In Eurocode 8, the shear force capacity of an 
unstrengthened masonry wall as controlled by flexure under an axial load N is obtained via 
Eq. (28):

where fmas is the compressive strength of the masonry divided by the confidence factor (= 1 
for KL3). Regarding the normal stress distribution, the Eurocode 8-3 (2005a, b) refers to 
a stress block distribution by adopting a reduction coefficient of the compressive strength 
(0.87 = 1/1.15). The mechanical scheme to obtain Eq. (28) is provided in Fig. 24a.

Since during the diagonal compression experiments the axial load was not introduced at 
the center of the wallette, as illustrated in Fig. 24b, a modification of Eq. (28) also has been 
considered. First, the depth of the compressed area was determined using Eq. (29):

The moment with respect to the bottom right corner in Fig. 24b equals:

with � being the distance between the corner of the specimen and the location where the 
concentrated force V is assumed to be introduced. Substituting Eq. (29) into Eq. (30), the 
modified shear force capacity for flexural failure becomes:

(27)Vdt,EC = 0.065 ⋅ fm ⋅ An

(28)Vfl,EC =
lw

hw
⋅

N

2
⋅

(

1 − 1.15
N

lw ⋅ tw ⋅ fm

)

(29)D� =
N

0.85 ⋅ tw ⋅ fm

(30)
(

lw − D�
)

⋅ N =
(

hw − 2�
)

⋅ V

(31)Vfl,EC� =
N

(

hw − 2�
)

(

lw − 1.15
N

tw ⋅ fm

)

(a) (b)

Fig. 24   Mechanical scheme of Eurocode 8 to determine the shear force capacity during flexural failure (a) 
and the modification for this study (b)
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With the compressive depth during the experiments being limited to 100 mm due to the 
dimension of the steel shoe, combining Eq. (29) with Eq. (11) results in the shear strength 
needed to initiate crushing:

Equations  (24), (27) and (28) completely represent the failure envelope for the shear 
strength of masonry following the Eurocode 8-3 (2005a, b). Similar to Eq. (12), a wall fails 
when the value of the applied shear force reaches the minimum shear capacity:

The failure envelope including the modified shear force rocking/toe crushing is obtained 
with Eq. (34):

Using the relevant parameters provided in Table  6, the failure envelope for the 
unstrengthened masonry used in this experimental research was determined as shown 
in Fig. 25. The failure envelope of the modified shear for rocking/toe crushing is also 
shown. It should be noted that for comparison reasons the partial factor for masonry is 
not taken into account.

Comparing Figs.  23 and 25, it can be observed that despite leaving out the par-
tial factors for masonry, the Eurocode 8-3 (2005a, b) approach to determine the fail-
ure envelope of unstrengthened masonry is conservative when compared to the failure 
envelope obtained from the analytical model. This is primarily caused by the different 
approaches to determine the shear strength at diagonal tension failure, where the dif-
ference builds up to 292% with respect to the Eurocode 8-3 (2005a, b) approach.

(32)Vc = 0.85 ⋅ fm ⋅ 100 ⋅ tw

(33)Vm,EC = min
(

Vss,EC;Vdt,EC;Vfl,EC

)

(34)Vm,EC� = min
(

Vss,EC;Vdt,EC;Vfl,EC�

)

Table 6   Masonry properties for the (modified) Eurocode 8-3 (2005a, b) approach

Description Symbol Value Unit

Characteristic initial shear strength of masonry, Eurocode 6 (2006) fv,0 0.3 N/mm2

Partial factor for masonry, Eurocode 6 (2006) �M 1.5 –
Location where the concentrated force V is assumed to be introduced with 

respect to the edge of the specimen
� 50 mm

Fig. 25   Failure envelope of 
the unstrengthened masonry 
determined with the standard 
Eurocode 8 design provisions 
(Vm) and a modified version 
(Vm′)
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4.3 � Comparison experimental results

The strengths obtained with the analytical model and Eurocode 8-3 (2005a, b) are 
compared with the mean experimental shear strength of the URM specimens. The 
mean experimental shear strength is determined by using Eq.  (10). The results are 
summarized in Table 7.

The analytical model showed good correspondence with the experimental values for 
both the failure mechanism and the failure load, with an experimental/model ratio (�) 
of 0.98. Despite leaving out the partial factor for masonry, the Eurocode 8-3 (2005a, b) 
approach resulted in lower values (� = 1.43) . Including the partial factor for masonry, 
the Eurocode approach results in even more conservative values (� = 2.14).

4.4 � Limitation presented models

It should be noted that the presented models assume a uniform axial stress and shear 
stress through the cross section of the specimen (u-axis in Fig.  22). This assumption 
does not reflect the reality as there will be a non-uniform distribution of stresses. The 
experiment for an unstrengthened specimen has been recreated with a Finite Element 
(FE) model. The masonry panel was modelled as a homogenous material with the 
dimensions 700 (length) × 700 (height) × 95 (thickness) mm3. Linear elastic material 
behaviour was assumed, with a young’s modulus of 3200 N/mm2 and Poisson’s ratio of 
0.27. Linear hexahedral finite elements with reduced integration (Abaqus C3D8R) were 
used to generate the mesh of the masonry panel, with a global seed size of 20 mm. With 
this model, displayed in Fig.  26, the interface between the specimen and the bottom 
loading shoe, was fixed for displacement in the y-direction (marked with orange trian-
gles in Fig. 26). The load was introduced as a uniform stress of 4.73 N/mm2 (marked 
with purple arrows in Fig. 26), covering the entire interface between the specimen and 
the upper loading shoe, resulting in a total force of 67 kN (mean experimental failure 
load of URM) in the negative y direction.

The distribution of the axial stresses over the vertical diagonal of the wall (y-axis in 
Fig. 26) and horizontal diagonal (x-axis in Fig. 26) of the wallette is shown in Fig. 27a. 
Here a considerable variation in the axial compressive stress can be observed. The 
maximum compressive stress at (x,y) = (0,0) is 122% higher than the mean value for 

Table 7   Experimental and analytical results of the URM and STRIP specimens

Experiments Evaluation

Analytical model Eurocode 8 
(

�M = 1.0
)

Eurocode 8 
(

�M = 1.5
)

Vexp,URM kN 47.4
Vss kN 101.1 33.3 22.2
Vsf kN 48.2 – –
Vdt kN 92.0 64.9 43.2
Vc kN 102.9 119.5 79.7
Vm kN 48.2 33.3 22.2
� – 0.98 1.43 2.14
Failure mode – Shear friction Shear friction Shear friction Shear friction
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compressive stress over the horizontal diagonal (y = 0). Rotating the x–y coordinate system 
to the u-v coordinate system, as presented in Fig. 22, the shear stress and axial stress as 
used by the analytical model can be obtained. The distribution of the compressive stress 
and shear stress over cross section of the wallette at mid-height (v = 0.5hw) is shown in 
Fig. 27b. In contrast to the compressive stress which is roughly constant over the discussed 
cross-section (COV = 14.1%), the shear stresses show strong variation (COV = 46.2%). The 
highest shear stress occurs at the center of the specimen (u = 350 mm) and differs 49.4% 
from the mean shear stress value. The analytical model as proposed by Li et  al.(2005) 
does not take this variation in shear stress into account. Whereas the Eurocode 8 also does 
not take this non-uniform stress distribution into account. The NZSEE, NTC and ASCE 

Fig. 26   FE model geometry of 
the URM specimen

(a) (b)

Fig. 27   Results of the linear-elastic FE simulation on the distribution of: axial stresses σI and σII over the 
vertical and horizontal diagonal respectively (a) and compressive stress σn and shear stress τ over cross sec-
tion of wallette at mid-height (b) 
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introduce a corrective factor (named b, β or (1 + αv)) to account for the shear stress distri-
bution at the center of the panel and relate the peak value to the mean one (Cattari et al. 
2015).

5 � Evaluation FRCM reinforced masonry

In order for the FRCM reinforcement system to be applied on a large scale for the in-plane 
strengthening of masonry walls, simple practitioner oriented design models are essential. 
However, due to the novelty of this technique and the wide variety of FRCM materials on 
the market, design provisions are generally not provided by international building codes 
(Ceroni and Salzano 2018). Previous theoretical studies have led to various analytical for-
mulations for determining the shear strength of FRCM reinforced masonry (Babaeidarabad 
et al. 2014; Gattesco and Boem 2015; Cascardi et al. 2016; Triantafillou 2016). Cascardi 
et  al. (2016) presented an advanced analytical model based on artificial neural network 
(ANN). For the construction of the model a number of 75 samples were selected from pre-
vious diagonal compression tests found in scientific literature, varying in both material and 
geometry. By comparing the proposed model the authors showed that the proposed model 
is competitive with the consolidated analytical formulations. Because of the reduced speci-
men dimensions and the non-standard single-sided reinforcement configuration used in the 
current study, the model proposed by Cascardi et al. (2016) was not considered.

At the end of 2013 the first design guide for FRCM reinforcement (ACI 549-13 2013) 
was published. This guideline provides structural engineers with easily applicable design 
models for determining the shear resistance of FRCM reinforced masonry walls. Past stud-
ies have shown that the ACI design models show reasonable agreement with experimen-
tal data and can be considered as conservative (Babaeidarabad et al. 2014; Almeida et al. 
2015). The European building codes (Eurocode), which in general differs significantly from 
the American design philosophy, do not provide any design models for the shear strength 
of FRCM reinforced masonry. Kolyvas et al. (2012) and Triantafillou (2016), however pro-
vided similar practitioner oriented design models in Eurocode framework.

In this research both the approach according to ACI 549-13 (2013) and Triantafil-
lou (2016) to determine the FRCM contribution on the shear strength of masonry were 
considered. Concerning the nominal shear strength VRM of FRCM reinforced masonry, 
both approaches pose that this is the result of the summation of the shear strength of the 
masonry and of the FRCM-overlay, in accordance with Eq. (35). It should be noted that the 
FRCM contribution is considered only after masonry cracking (Li et al. 2005; Silva et al. 
2008; Petersen 2009; ACI 549-13 2013; Babaeidarabad et al. 2014).

The design shear strength of FRCM reinforced masonry according to Triantafillou 
(2016) is determined using Eqs.  (36–38), as provided in Table  8. Triantafillou defines 
the maximum design stress 

(

ftd
)

 allowed to the CFRP net as the lowest value between the 
design characteristic strength of the mesh 

(

ftk
)

 divided by the material factor 
(

�t

)

 , and the 
stress corresponding to the design tensile strain �fv where debonding is assumed to be ini-
tiated, as shown in Eq.  (36). The contribution of the FRCM 

(

VRd,t

)

 is determined using 
Eq. (37), where Af  is the area of mesh per unit width (mm2/mm) and n is the number of 
mesh layers. It should be noted that a reduction factor of 0.9 is present. The design shear 
strength of FRCM reinforced masonry, including a partial factor for shear 

(

�Rd

)

 of 1.2 and 
the design shear strength of the unstrengthened masonry 

(

VRd,m

)

 , is limited by a maximum 

(35)VRM = Vm + Vt
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value 
(

VRd,max,c

)

. This limitation corresponds to compression failure of the struts in the 
truss, as shown in Eq. (38)

The design shear resistance of masonry walls strengthened with FRCM according to 
ACI 549-13 (2013) is obtained by using Eqs. (39–41). The ACI 549-13 (2013) directly uses 
the design tensile strain �fv to determine the maximum design stress, as shown in Eq. (39). 
The contribution of the FRCM is determined using Eq. (40), where in contrast to Trianta-
fillou (2016) no reduction factor is used. The design shear strength of FRCM reinforced 
masonry 

(

VRd,RM

)

 , including a strength reduction factor for shear 
(

Φv

)

 of 0.75, is limited to 
50% of the un-strengthened wall’s shear capacity to limit the total force transferred to the 
substrate of the masonry per unit width (Babaeidarabad et al. 2014), as shown in Eq. (41).

With the parameters presented in Table 9, the shear strength of the masonry reinforced 
with a FRCM-overlay can be determined. The results are provided in Table 10. The con-
tribution of the FRCM for the shear capacity VRd,t was determined as 20.0 kN and 29.6 kN 
using the approach proposed by Triantafillou (2016) and ACI 549-13 (2013) respectively. 
The mean shear contribution of the FRCM reinforcement, as estimated by the experi-
ments and analytical model, was 38.7 kN 

(

VFRCM

)

 . The approach proposed by Triantafillou 
(2016), with an experimental/model ratio (�) of 1.9, resulted in more conservative results 
when compared to the ACI 549-13 (2013) (� = 1.3).

When taking the partial factor for shear 
(

�Rd

)

 , the strength reduction factor for shear 
(

Φv

)

 , and limiting the shear capacity of the strengthened wall to 50% of the un-strength-
ened wall shear capacity into account, the shear resistance 

(

VRd,RM′

)

 of masonry walls 
strengthened with FRCM as determined with the two approaches is approximately the 
same (using the masonry shear strength as determined with the analytical model). This is 
mainly due to the design shear strength being limited to 50% of the un-strengthened wall 
shear capacity according to ACI 549-13 (2013). The experimental/design value ratio’s (�) 

Table 8   Approaches to determine the in-plane shear capacity of FRCM retrofitted masonry walls

∗V
Rd,max,c = 2t

w
l
w

Triantafillou (2016) ACI549-13 (2013)

ftd min

(

ftk

�t

; Ef ⋅ �fv

)

(36) Ef ⋅ �fv (39)

VRd,t 0.9lw
(

n ⋅ Af

)

ftd (37) lw
(

n ⋅ Af

)

ftd (40)
VRd,RM 1

�Rd

min

(

VRd,m + VRd,t;V
∗
Rd,max,c

)

(38) Φv min
(

VRd,m + VRd,t;1.5VRd,m

)

(41)

Table 9   Values used in the design codes to obtain the shear capacity of FRCM reinforced masonry

Description Symbol Value Unit

Number of mesh layers n 1 –
Area of mesh reinforcement by unit width, Af 0.044 mm2

Tensile modulus of elasticity of the CFRP mesh Ef 240,000 N/mm2

Design value of the tensile strain of the CFRP mesh (ACI 
549-13 2013)

�fv 0.0040 mm/mm

Design characteristic strength of the mesh ftk 4.2 N/mm2

Material factor (Triantafillou 2016) �t 1.5 –
Partial factor for shear �Rd 1.2 –
Strength reduction factor for shear (ACI 549-13 2013) Φv 0.75 –
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for the approaches following Triantafillou (2016) and ACI 549-13 (2013) were 2.14 and 
2.25 respectively. When for the masonry contribution the design value as obtained using 
Eurocode 8 is used, the experimental/design value ratios (�) reduce to 3.5 and 4.9 for the 
approaches following Triantafillou (2016) and ACI 549-13 (2013) respectively. It can be 
observed that the presented design provisions, both for the masonry part and the FRCM 
contribution, are conservative.

6 � Conclusions and recommendations

An experimental program was undertaken to assess the effectiveness of a combined retrofit 
method to improve the in-plane behaviour of clay brick URM walls. The diagonal com-
pression test was used for the evaluation of the in-plane shear behavior of these retrofitted 
wallettes. From the experiments the following conclusions can be drawn:

1.	 The out-of-plane reinforcement, which consisted of deep mounted CFRP strips embed-
ded with a flexible adhesive in a deep groove (partly filled with mortar), did not affect 
the strength of masonry elements loaded under in-plane shear. It was however found that 
the deep grooves resulted in a 25.3% lower shear modulus compared to the unstrength-
ened control specimens. Moreover the experiments showed that in contrast to the 
unstrengthened specimens, the specimens with solely the out-of-plane reinforcement 
did not disintegrate after reaching the failure load. This can be attributed to the DM 
CFRP strip holding the specimens together.

2.	 The single-sided carbon FRCM overlay increased the shear capacity with 1.7 and 1.8 
times that of the unstrengthened control specimens with a 10 mm and 20 mm FRCM 
layer thickness respectively. The application of a single sided FRCM layer resulted in 
an increase of approximately 40% of the shear modulus compared to the unstrengthened 
control specimens.

3.	 No strong correlation was found between the thickness of the mortar matrix of the 
FRCM layer and the failure load. Additionally, FRCM layer thickness was found to have 
limited influence on the shear modulus. A possible explanation could be the formation 
of shrinkage cracks during the curing stage of the FRCM layer, and that therefore the 
enhancement in stiffness and strength is primarily based on the presence of the CFRP 
mesh.

4.	 The FRCM layer thickness did have an influence on the number of diagonal cracks that 
were observed on the as-built side of the combined DM CFRP and FRCM reinforced 
specimens. With a 20 mm FRCM layer thickness, one to two additional diagonal tensile 
cracks occurred over a wider area when compared to the specimens provided with a 
10 mm FRCM layer. A possible explanation for this discrepancy in crack pattern is the 
difference in thickness of the upper mortar layer of the FRCM overlay. A thicker upper 
mortar layer leads to an improved utilization of the carbon FRP mesh.

5.	 Stiffness differences between the as-built side and the FRCM strengthened side led out-
of-plane bending during the final stages of the diagonal compression experiments. With 
more restrained boundary conditions and superimposed vertical loads, as is the case in 
practice, larger shear strength increments could be achieved (Ismail 2012).

6.	 The pseudo-ductility factors obtained were in the range 8.5–9.3 and 15.4–15.6 for the 
reinforced specimens with a 10 mm and 20 mm FRCM layer thickness respectively. 
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Comparison of these values with the pseudo-ductility of URM showed that a one sided 
FRCM overlay leads to a significant increase in ductility.

7.	 For the evaluation of unstrengthened masonry, the analytical model developed by Li 
et al. (2005) showed good correspondence with the experimental values for both the 
failure mechanism and the failure load, with an experimental/model ratio (�) of 0.98. 
Despite leaving out the partial factor for masonry, the Eurocode 8-3 (2005a, b) approach 
resulted in a lower ratio (� = 1.43) . Including the partial factor for masonry, the Euroc-
ode approach results in even more conservative values (� = 2.14) . An important limita-
tion of both approaches is that the non-uniform shear stress distribution at the center of 
the panel is not taken into account.

8.	 For the FRCM contribution on the in-plane shear capacity, the approach proposed by 
Triantafillou (2016) (experimental/model ratio (�) of 1.94) resulted in more conservative 
results when compared to the ACI 549-13 (2013) (� = 1.31).

9.	 The obtained design values for the shear strength of FRCM reinforced masonry were 
conservative, especially when for the masonry contribution the design value as obtained 
using Eurocode 8-3 (2005a, b) was used (experimental/design value ratio (�) range 
3.47–4.89).

As for the recommendations, firstly, even though the emerging line of experimental 
results seems quite consistent, the results could be confirmed by a larger experimental 
campaign as the number of specimens tested in this study was limited. Secondly, as stated 
in the introduction, no shear damage was observed within the applied load range on the 
previously conducted static-cyclic in-plane shear tests on full-scaled masonry specimens 
strengthened with the combined reinforcement system (Türkmen et al. 2018). With these 
cantilever shear walls there are regions of: (a) nearly pure tension stress; (b) nearly pure 
compression stress; (c) combined tension and shear stresses; and (d) combined compres-
sion and shear stresses. The diagonal compression test as conducted in the current study 
is applicable only to the latter case, the compression-shear region. Thus, the mechanical 
characteristics and effectiveness of the repair techniques will not be fully revealed by diag-
onal compression testing alone. Just like the additional experimental program for the com-
bined compression and shear stresses covered in the current study, testing other normal-
shear stress combinations are recommended to fully understand the response of reinforced 
masonry shear walls.
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