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Strengthening of masonry walls with FRP or TRM

In addition to traditional methods of strengthening shear masonry walls, some newer 
materials and systems, such as fibre reinforced polymers (FRP) and textile reinforced 
mortars (TRM), have recently been introduced. The earthquake that occurred in Zagreb and 
its surroundings on 22 March 2020 has revealed the sensitivity of unreinforced masonry 
buildings to horizontal actions, while pointing to the need to repair damage to load-
bearing and non-load-bearing walls and to strengthen walls against shear failure. Existing 
regulations do not cover design of structures with such systems. The paper presents 
modern procedures for strengthening masonry with FRP or TRM, scientific research in 
this area, advantages and disadvantages, and calculation of such reinforcements.
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Pregledni rad

Tomislav Kišiček, Mislav Stepinac, Tvrtko Renić, Ivan Hafner, Luka Lulić

Pojačanje ziđa na posmik pomoću FRP-a ili TRM-a

U novije vrijeme uz tradicionalne metode pojačanja ziđa na posmik, koriste se i noviji 
materijali i sustavi kao što su polimeri armirani vlaknima (FRP) i tekstilom armirani mortovi 
(TRM). Potres koji se dogodio u Zagrebu i okolici 22. ožujka 2020. pokazao je osjetljivost 
nearmiranih zidanih zgrada na horizontalna djelovanja, potrebu za sanacijom oštećenja 
na nosivom i nenosivom ziđu i pojačanjem ziđa na posmik. Postojeći propisi ne pokrivaju 
proračune pojačanja s takvim sustavima. U radu su prikazani suvremeni postupci pojačanja 
ziđa FRP-om ili TRM-om, znanstvena istraživanja iz tog područja, prednosti i nedostaci 
te proračun takvih pojačanja.

Ključne riječi:

potres, ziđe, posmik, FRP, TRM, postojeće konstrukcije, proračun

Übersichtsarbeit

Tomislav Kišiček, Mislav Stepinac, Tvrtko Renić, Ivan Hafner, Luka Lulić

Schubbewehrung von Wänden mit FRP oder TRM

In jüngerer Zeit werden neben herkömmlichen Verfahren zur Schubbewehrung von Mauerwerk 
auch neuere Materialien und Systeme wie faserverstärkte Polymere (FRP) und textilverstärkter 
Mörtel (TRM) verwendet. Das Erdbeben in Zagreb und Umgebung am 22. März 2020 zeigte 
die Empfindlichkeit von nicht bewehrten Mauerwerksgebäuden gegenüber horizontalen 
Einwirkungen, die Notwendigkeit, Schäden am tragenden und nicht tragenden Mauerwerk 
zu reparieren und die Wände gegen Abscheren zu bewehren. Bestehende Vorschriften gelten 
nicht für Bewehrungsberechnungen mit solchen Systemen. Die Arbeit präsentiert moderne 
Verfahren zur Bewehrung von Mauerwerk mit FRP oder TRM, wissenschaftliche Forschungen 
auf diesem Gebiet, Vor- und Nachteile sowie die Berechnung solcher Bewehrungen.
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1. Introduction

Earthquakes are a natural phenomenon that cannot be predicted. 
Although it is possible to predict where an earthquake of a certain 
magnitude might occur, it can not be envisaged when such an 
event could happen. It is known that Zagreb and the entire Croatia 
lies in a seismically active area. It is also known that Zagreb and 
its surroundings were hit by stronger earthquakes in the past and 
that the last one, of magnitude 6.3 according to the Richter scale, 
occurred in 1880 [1, 2]. 
It had always been clear that a similar earthquake would come, but 
it was not known when it could happen. Unfortunately, on 22 March 
2020, Zagreb and its surroundings were hit by an earthquake of 
magnitude 5.5 according to the Richter scale, which was followed 
by another 5.0 magnitude earthquake, and several smaller ones that 
occurred in the days after the main earthquake. The epicentre was 
7 km from the centre of Zagreb, around Markuševec. The old town 
(Upper Town and Lower Town) and suburban areas of Čučerje and 
Markuševec suffered the greatest damage.
The buildings in the city centre are typical masonry structures built 
in the late 19th and early 20th century. They are made of solid brick, 
masonry is unreinforced, floor structures are wooden beams, and 
the roof is a wooden structure covered with tiles. Due to their age, 
i.e. exceedance of planned service life, construction prior to adoption 
of seismic regulations, and poor or inadequate maintenance, such 
buildings suffered the greatest damage in this earthquake. Even 
some newer buildings that were designed for significantly lower 
seismic load compared to that required by modern regulations, also 
suffered extensive damage [3].
Regulations for the construction of facilities in seismically active 
areas have been developed over the past fifty years. The introduction 
and development of regulations was prompted by earthquakes that 
occurred in the nearby areas (Skopje, Banja Luka, Dubrovnik and 
Montenegro, Ston) [4]. Therefore, the extent of damage to buildings 
is reduced if modern construction systems, increasingly advanced 
design regulations, innovative materials and structural systems, are 
used [5].
Old masonry structures, in addition to their considerable weight, 
rigidity and low ductility, are also characterized by poor quality 
of materials and inadequate construction, which is due to lack of 
regulations and control at the time they were built [6]. Therefore, 
behaviour of masonry structures during earthquakes is hampered 

by significant limitations [7]. Newer masonry structures that are 
reinforced or confined by reinforced concrete elements possess a 
certain level of seismic resistance and ductility. The most vulnerable 
are the oldest unreinforced masonry structures that have low 
or almost nil level of seismic resistance. Many of such buildings 
belong to cultural heritage, which is an additional motive for their 
preservation [8]. In addition, poor maintenance by the owners, as 
well as many unfavourable interventions and renovations, have 
further diminished the safety of such buildings. 
During an earthquake, unreinforced masonry walls can fail either in 
their plane and/or out of their plane. There are three in plane failure 
mechanisms: bending failure, shear sliding failure along horizontal 
joint, and diagonal shear failure (straight or stepped), the last one being 
also the most recognizable due to its frequent occurrence in areas 
affected by earthquakes [9]. Figure 1 shows characteristic damage to 
masonry walls caused by the Zagreb earthquake of 22 March 2020.
Many failure modes are possible outside of the plane because of 
poor interconnection of perpendicular walls and poor wall-floor 
connections. All these failures were, unfortunately, registered after 
the recent earthquake in Zagreb, which points to the sensitivity of 
unreinforced masonry structures to horizontal actions.
Initial assessment of earthquake-damaged buildings is followed by 
a long-term process of renovation and strengthening. Renovation 
alone is not sufficient because it would bring the damaged structure 
to a pre-earthquake condition characterized by inadequate 
seismic resistance. Therefore, it is extremely important to increase 
seismic resistance of existing buildings so as to improve their 
behaviour during future seismic events. In addition to traditional 
strengthening methods, such as reinforced concrete jacketing or 
grouting, the use will certainly be made of more recent materials 
that present numerous advantages. Newer materials include fibre-
reinforced polymers (FRP). Over the years, numerous studies have 
been conducted with regard to the use of FRP for strengthening 
numerous types of structures made of various materials. Main 
advantages of FRP lie in low self-weight and high strength. Despite 
many advantages of FRP, this material also presents certain 
disadvantages. These disadvantages have encouraged development 
of innovative high-quality textile reinforced mortars (TRM). Modern 
procedures for strengthening unreinforced masonry walls with FRP 
and TRM are described and compared in the following sections, 
where suitable calculations and results of latest scientific research in 
this field are also presented.

2.  New materials for 
strengthening masonry 
structures: FRP and TRM

2.1. FRP

FRP or fibre reinforced polymer is a 
fibrous composite material in which fibres, 
assuming the function of reinforcement, 
are embedded in a polymer matrix that 
provides the final shape [10]. The first 
FRP was developed in 1909 while the Figure 1. Masonry damage caused by Zagreb earthquake of 22 March 2020
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mass production in various branches of industry began in the 
1970s. The type and orientation of fibres, the composition 
and quantity of the matrix, and the method of production, 
significantly influence the characteristics of the final product. 
The production process involves production of textiles (weaving, 
knitting, or sewing) which are then joined with the polymer matrix 
manually, semi-automatically, or automatically [11]. Carbon fibre 
textile, and glass and carbon fibre textile, are shown, from left 
to right, in Figure 2. The most common method of production is 
pultrusion (fully automated), an extrusion-like process used in 
the production of aluminium and mild steel profiles [12]. 

Figure 2.  a) Carbon fibre textile [13], b) glass and carbon fibre textile 
[14]

Main advantages of FRP are corrosion resistance, light weight 
(approximately ¼ of the weight of steel), and high tensile strength. 
Excellent corrosion resistance is mostly used in reinforced 
concrete structures in aggressive environments by using FRP 
reinforcement [15], and also as a means to strengthen exposed 
structural elements [16]. Light weight makes it easier to apply 
FRP in confined spaces and eliminates the need for formwork, 
which reduces labour costs. Other favourable characteristics 
are a significant strength to weight ratio, good behaviour under 
dynamic load, insensitivity to magnetism, non-conduction 
of electric current, ability to dampen vibrations, resistance to 
most acids and alkalis, ability to assume various shapes and 
lengths, ease and speed of application [17, 18]. Disadvantages 
include linear-elastic behaviour to failure, i.e. non-ductility, in 
contrast to steel, which exhibits elastoplastic behaviour, i.e. 
ductility. In addition, the cost of material is relatively high, and 
epoxy-resin properties degrade at temperatures higher than 
the glass transition temperature (e.g. in the case of fire) [19]. 
FRP reduces the vapour permeability of the structure and 
makes it difficult to assess damage after an earthquake. FRP 
can not be applied in the case of incompatible or wet surfaces 
and low temperatures. There are several types of fibres and, 
hence, FRP products: glass fibres (GFRP), carbon fibres (CFRP), 
aramid fibres (AFRP) and basalt fibres (BFRP), while epoxy, 
unsaturated polyester, vinyl ester, bismaleimide, and cyanate 
ester resins are used to make matrices. Also, the following 
FRP-based strengthening systems can be distinguished: wet 
lay-up, prefabricated systems and special systems (automated 
wrapping, prestressed FRP strips, and inserted FRP strips) 
[20]. Figure 3 graphically shows the areas in which stress-
strain diagrams of individual types of FRP are located, and 
provides their comparison with the stress-strain diagram of 
mild steel.

Figure 3. Uniaxial tension stress–strain diagrams for FRPs and steel [19]

2.1.1. Fibres

Glass fibres have lower strength (1800 − 3600 MPa), lower modulus 
of elasticity (70 − 76 GPa) and higher weight (2270 − 2600 kg/m3) 
compared to carbon fibres, but they are cheaper and therefore the 
most widely used. They are produced at high temperatures from a 
mixture of molten rock sand, kaolin, limestone, and colemanite. Glass 
varieties are: alkaline A-glass, electric E-glass, and chemical C-glass. 
The biggest drawback of glass is its sensitivity to alkaline corrosion, 
which emphasizes the importance of protective role of polymer 
matrix (in FRP) as it prevents penetration of alkali to the fibres.
Carbon fibres have high strength (2500 − 4000 MPa) and high 
modulus of elasticity (200 − 650 GPa). They are resistant to corrosion 
as well as to creep and fatigue, but their impact strength is low. 
They are produced from PolyAcryloNitrile (PAN), tar, bitumen, and 
cellulose, by controlled oxidation, carbonization, and graphitization of 
organic substances. Depending on the graphitization temperature, 
carbon fibres can be either high-strength fibres (2600 °C) or fibres 
with high modulus of elasticity (3000 °C).
Aramid fibres are synthesized polymers which, in addition to high 
strength (3500 − 4200 MPa), also exhibit resistance to impact load, 
thermal influences, and deterioration due to chemical influences, 
but are less resistant to UV radiation. Commercial names of aramid 
fibres are Kevlar, Twaron, Technora and SVM [20]. 
Basalt fibres have been used over the last 10 years now to 
strengthen masonry. They have significantly lower tensile strength 
(1100 MPa) compared to carbon fibres, which is further reduced, as 
well as the volume stability, in an alkaline environment. In order to 
reduce alkaline effects of the matrix (mortar in TRM) on the fibres, 
they are factory coated with a protective coating. They exhibit 
significantly higher thermal stability and heat resistance compared 
to carbon and glass fibres [21].

2.1.2. Matrices

Polymer matrices are as important as fibres. They connect the fibres 
and provide them with protection from external influences. The shear 
strength of the bond between the fibres and the matrix that transmits 
loads to the fibres is crucial for mechanical properties of the composite.
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Epoxy resins are suitable for various 
production methods, and so desired 
mechanical properties can easily be 
adjusted in advance depending on the 
requirements.
Unsaturated polyester and vinyl ester 
resins are extremely sensitive to the 
presence of water due to solubility of 
esters, which leads to a significant decrease 
in shear resistance between composite 
layers. These resins also exhibit significant 
shrinkage (8 %) during transition from liquid 
and semi-solid state to solid state, which 
causes internal stresses that further reduce 
the strength of the composite.
Bismaleimide resins are expensive but have excellent chemical 
resistance and dimensional stability. They retain good mechanical 
properties even at high temperatures (up to 120 °C).
Cyanate ester resins are also pricey and they exhibit excellent 
mechanical properties that they retain even at high temperatures 
(up to 175 °C) [20].

2.1.3. Strengthening systems

In order to achieve a quality connection between the FRP and 
wall surface, the conditions at the installation site and the quality 
treatment of the wall surface are extremely important. Care must 
also be taken to ensure the quality and full compatibility of all 
components in order to avoid separation of the FRP from the 
substrate.
Wet lay-up system is most commonly used because of its 
simplicity, economy, and versatility. In order to achieve a good 
connection between the masonry and the FRP, a base coat is 
applied to the surface of the masonry before the adhesive.
Prefabricated FRP systems most often appear in the form of a 
strip and are used mainly to strengthen elements subjected to 
bending load.
Special FRP systems are used in situations where standard FRP 
strengthening systems are not possible or not economical. Such 
systems are, for example, automated wrapping systems mainly 
used for columns, systems with inserted FRP strips and systems 
with prestressed FRP strips where the FRP strips are prestressed 
before gluing and anchoring, thus improving the strengthening 
effect [20]. 

2.2. TRM

TRM or textile reinforced mortar is a more recent composite formed 
by replacing an organic binder (matrix) with an inorganic one (cement 
or lime mortar) in order to solve the stated shortcomings of FRP 
[22]. The terms FRCM (fabric-reinforced cementitious matrix), MBC 
(mineral-based composite) and TRC (textile-reinforced concrete) 
are also used in the literature for TRM [23]. These materials consist 
of textiles made of fibre bundles (glass (G), carbon (C), basalt (B) or 
Polyphenylene benzobisoxazole (PBO) fibres) in at least two (usually 

orthogonal) directions and an inorganic matrix, and so GTRM, CTRM, 
BTRM, or PBOTRM can be differentiated. The fibres take on tensile 
stresses, while the matrix protects the fibres and transmits stresses 
from the wall that is being strengthened to the fibres. The density 
of the mesh, i.e. the amount of fibre bundles and their spacing, can 
be controlled independently in each direction, which affects the 
mechanical properties of the textile and the degree of penetration 
into the mortar through the mesh. Adhesion between the textile and 
mortar is achieved by mechanical wedging, which is a result of mortar 
penetrating between fibres that make up the mesh. TRM increases 
the resistance of masonry to shear and bending in the plane, bending 
out of the plane, while also increasing vertical load-bearing capacity. 
It is also used to strengthen masonry arches, vaults and domes [24]. 
The problem that appears during shear strengthening of masonry 
walls is the connection between the applied strengthening and 
the masonry. A quality connection between the substrate and the 
matrix, and between the matrix and the textile, is required to achieve 
the transfer of forces from the wall to the TRM, and to obtain a 
composite effect. It can be improved by mechanically anchoring 
TRM layers to the wall. Figure 4 shows shear failure modes of the 
connection between the TRM and masonry.
TRM composites are placed in the same way as FRP composites, 
most often by the “hand lay-up“ method. First a layer of mortar 
is applied, then a layer of mesh, and then again a layer of mortar, 
and the procedure is repeated depending on the desired number of 
layers. It is important that each layer of mortar is applied while the 
previous one is still fresh (Figure 5).

Figure 5. TRM application [26]

Figure 4. Failure modes [25]
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The behaviour of tensile loaded TRM in the idealized bilinear diagram 
proposed by AC434 ICC-ES [27] is shown in Figure 6 where ffu is the 
maximum tensile stress of the TRM and εfu is the corresponding 
maximum tensile strain. fft represents the tensile stress at which 
the TRM cracks and εft the corresponding tensile strain. The general 
stress and the corresponding tensile strain are marked as ffi and εfi, 
respectively. The modulus of elasticity before cracking is denoted by 
Ef

* and the modulus of elasticity after cracking by Ef. 

Figure 6. Tensile stress-strain diagram for TRM

Mechanical properties of TRM are well known while its durability 
with respect to exposure to external influences has so far been 
insufficiently investigated [28]. 

2.3. Comparison of FRP and TRM

Both systems significantly contribute to the ductility, load-
bearing capacity and, to a lesser extent, to wall rigidity 
outside the plane and in the plane, but there are also certain 
differences. FRP has been used longer and is more favourable 
for concrete, but TRM has been developed due to the need to 
improve some of the FRP shortcomings. By using an inorganic 
matrix instead of resin, TRM is more favourable for structural 
strengthening and renovation of masonry structures [22]. 
Unlike FRP, the inorganic matrix of TRM allows installation even 
in unfavourable conditions such as cold and damp masonry 
surfaces [29]. The lack of vapour permeability in FRP can lead 
to structural damage. FRP and TRM also differ in behaviour 
under the influence of high temperatures where TRM’s 
inorganic matrix shows better properties than FRP’s epoxy 
matrix, which experiences degradation of properties. In addition 

to being non-flammable and non-toxic when exposed to fire, 
TRM also contributes to fire resistance of the wall itself due 
to an additional protective layer. Ignition of FRP or release of 
additional heat was not observed during testing, but pyrolysis 
and matrix decay were observed [30]. With FRP and TRM, it 
is possible to strengthen the walls on one or both sides and, 
in the latter case, they will significantly increase the load-
bearing capacity, while also ensuring symmetry of the wall 
stiffness. On the other hand, one-sided strengthening leads to 
different stiffness on the strengthened and non-strengthened 
sides of the wall. Such a difference in stiffness leads to out of 
plane bending and, possibly, to out of plane failure [31]. Both 
methods of strengthening contribute greatly to the bending and 
shear resistance of masonry. However, premature separation 
of FRP or TRM strips or meshes from the surface of the 
masonry is a limitation of these techniques. In order to solve 
or mitigate the problem of separation, it is necessary to ensure 
proper anchoring of FRP or TRM [32]. According to ICOMOS 
(International Council of Monuments and Sites) guidelines, it is 
more acceptable to use TRM because it complies with a number 
of building conservation requirements.

3. Behaviour of masonry under shear

A masonry loaded with horizontal forces in a plane is subject to 
shear. Failure occurs if shear capacity is exceeded. Three basic 
modes of wall failure when loaded in plane are: diagonal failure, 
bending failure, and sliding failure. These failure modes are shown 
in Figure 7.
Failure modes a) and c) can be considered as shear failure modes. 
Which failure mode will occur depends on wall geometry and wall 
material used, but also on the amount of vertical load. When a very 
small amount of vertical load is applied, sliding can occur along 
one horizontal joint. Bending moment and shear occur as a result 
of lateral force. When a wall is subjected to small vertical force, a 
horizontal crack opens at a small bending moment, and this crack 
spreads through a significant part of the cross section; due to a small 
or non-existent compression area, the shear force causes the wall to 
“slide” on one joint or overturn. This joint may or may not be at the 
bottom of the element. Inadequate realisation, poor mortar quality, 
or change of material, can cause a weak surface in the wall. Although 
the existing horizontal crack is partially or completely closed in each 
cycle, the material has lost cohesion due to cracking, and this crack is 
in effect a “trace line” along which failure is most likely to occur. In the 
earthquake of 22 March 2020, this failure mode was characteristic 

Figure 7. Failure modes: a) diagonal failure, b) bending failure, c) sliding failure
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for chimneys that mostly failed along one horizontal joint. Sliding 
failure can be described by the Mohr-Coulomb model of material 
behaviour, i.e.:

fv = fv0 + µ·σd (1)

where:
fv - shear strength of masonry
fv0 -  initial shear strength of masonry (component independent 

of vertical force)
μ -  coefficient of friction (tanφ), where φ is the angle of 

internal friction
σd - design vertical compressive stress.

For existing masonry, it is recommended to use mean values   of 
material characteristics, while characteristic values   are used for 
the new masonry. For existing walls, that means μ = 0,5, and fv0 = 
0,1 MPa is to be used according to recommendations given in [33]. 
For new masonry μ = 0,4. According to newly proposed EN 1998-3 
[34], the recommendation is fv0 = 0,16 MPa.
It is assumed in this model that the shear is transferred only by 
the compressive part of the cross section because friction is not 
activated in tension (the assumption is that there is no material 
contact), and cohesion is considered non-existent in tension 
because the element is cracked. The partial safety factor according 
to the current EC 1998-3 [34] is the product of the partial factor 
for the material, i.e. two thirds of the value of γM according to [35] 
and the confidence factor. According to the new proposal of EC 
1998-3 [34], the material is not corrected, but rather the load-
bearing capacity, i.e. a partial safety factor is used for resistance γRd 
(confidence factor and γM are not used) whose value depends on the 
level of knowledge and type of failure. The partial safety factor γRd 
for sliding failure is 1,65 for the lowest level of knowledge, 1,5 for 
the intermediate level and 1,35 for the highest level of knowledge. 
Shear capacity can be determined by Eq. (2)::

 (2)

where:
γRd - partial safety factor for resistance
Lc - length of masonry in compression
tw - wall thickness.

Diagonal failure is characteristic for moderate amount of vertical 
compressive force, which is a very common case in the lower parts 
of the structure. The crack can pass through the brick and mortar, 
or only through the mortar (stepped failure mode). Stepped failure 
mode is a combination of tension perpendicular to the head joint 
(tensile strength of the contact between the mortar and the 
wall element) and slipping on a series of horizontal surfaces. 
The crack spreads through the brick mainly in case the brick is 
of poor quality and the mortar is of good quality, while a stepped 
failure is characteristic otherwise. Also, “straight” diagonal failure 
is common when wall elements are irregular. Diagonal failure 
modes are more common in older masonry, so the currently valid 

standard HRN EN 1996-1-1 [35] does not consider this failure 
mode. The standard EN 1998-3 [34] also does not consider this 
failure mode. These failure modes are considered as being mostly 
relevant for existing masonry in proposals of the next generation 
of this standard. A stepped failure is shown in Figure 8.a, and a 
“straight” diagonal tensile failure is shown in Figure 8.b.

Figure 8. Diagonal tension failure modes: a) stepped b) “straight“

Straight diagonal failure occurs due to exceedance of main inclined 
tensile stresses. In accordance with the theory of elasticity according 
to the paper by Turnšek i Čačovič [36] the tensile strength is:

 (3)

where:
σ0 -  average vertical compressive stress (over the entire 

surface of the wall)
b - geometry factor (b = h/L, but between 1 and 1.5)
h -  wall height
L - wall length (total)
τ - shear stress.

The geometry factor b is the shear stress distribution factor 
which depends on the height to length ratio of the wall. Eq. (3) 
can be written by expressing the allowable shear stress based on 
the known tensile strength and vertical pressure, Eq. (4):

 (4)

Shear capacity can be determined by Eq. (5):

 (5)

The partial safety factor γRd for regular masonry in both modes 
of diagonal failure is 1.7 for the lowest level of knowledge, 1.55 
for the intermediate level of knowledge, and 1.4 for the highest 
level of knowledge. These two failure modes were considered 
in [37] and the test results showed that diagonal failure (both 
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straight and stepped) can be more appropriately described by 
Eq. (5). Although it seems logical that a stepped failure could be 
described by Eq. similar to the one for slidin failure (this procedure 
is described later), especially if tensile strength is neglected, the 
multi-level failure still remains as a problem. If the case from 
Figure 9 is considered, it is clear that different sections along 
the height of the wall have different lengths of the compression 
area. Bending moment at the top is zero (for the cantilever) and 
is significantly higher at the bottom, while the compressive 
force is approximately constant. The whole element is usually in 
compression in the cross-sections at the top, while a significant 
part of the cross-section can be in tension in the cross-sections 
at the bottom. The question is what length of compression area 
should be used in Eq. (2) to describe stepped failure. It is obvious 
that the length at the bottom will often give an excessively small 
load-bearing capacity, and the problem is complicated by the fact 
that boundary conditions of real walls are more complex than the 
case shown in Figure 9.
According to [7], the value of ftk = 0.09 MPa can be assumed 
for old masonry if there are no test results, which means that 
the mean value of tensile strength is 0.11 MPa (for existing 
masonry). According to the new proposal of EN 1998-3 [34], 
the mean value of tensile strength for solid brick walls with lime 
mortar is 0.114 MPa. 
The stepped failure mode can be most accurately described by an 
Eq. similar to that used for slidin, albeit with some modifications. An 
Eq. describing a stepped failure mode is given in [38] (later modified 
in [39, 40]). An overview of various failure modes, with standards in 
which these modes are described, is given in [41]. It is important 
to note that the stepped failure mode is described in a number of 
standards by Eq. (6). One of such methods is in the future version 
of EN 1998-3 [34], which is intended for seismic design of existing 
structures. Shear capacity at stepped failure can be determined by 
the Eq. (6):

 (6)

where:

µj -  local coefficient of friction of the joint, if more accurate 
data are not available, amounts to 0.6

φ - clamping coefficient.

Clamping coefficient is the ratio of the height of the wall element 
to an average length of the overlap of two wall elements. In other 
words, φ represents an average slope of the failure surface (the 
tangent of the angle at which the stepped failure propagates). 
The load-bearing capacity limit at stepped failure is:

 (7)

where:
fbt - tensile strength of the wall element.

If there are no more accurate data, the tensile strength of the wall 
element can be assumed as amounting to 10 % of compressive strength 
of the wall element. It is important to note that the entire length of the 
wall is considered in Eq. (6), rather than only the compressed part as 
in Eq. (2), which is logical because the failure occurs along a series of 
joints. However, the clamping coefficient and the geometry factor are 
important changes with respect to Eq. (2).

4.  Shear strengthening of masonry with non-
metallic reinforcement

Shear strengthening of masonry can be ensured by adding TRM 
mesh or by gluing FRP strips to the wall. Several guidelines and 
standards are used for calculating the load-bearing capacity of 
strengthened structures. According to [42], the following proposals 
can currently be used to estimate the load-bearing capacity 
of FRP-strengthened structures: fib bulletin 14 [19], CNR-DT 
200/2013 [43] and ACI 440.2R-02 [44], while CNR-DT 215/2018 
[45] and ACI 549.4R-13 can be used for assessing load-bearing 
capacity of structures strengthened with TRM [46]. Although the 
standards [44] and guidelines [19] are intended for reinforced 
concrete structures, the methods for calculating strengthening 
will be shown with modifications suitable for masonry structures. 
Guideline [43] is intended for strengthening masonry with FRP, and 
so the following considerations will be based on that guideline.

4.1. Bases for analysis

The shear capacity of the strengthened wall (for both FRP and 
TRM) can be determined as:

VRd = Vz,Rd+Vt,f (8)

where:
Vz,Rd - shear capacity of the unstrengthened wall
Vt,f - strengthening shear capacity.

Eq. (8) is suitable for undamaged walls, 
while it can be considered that the load-
bearing capacity of an unstrengthened wall 
is Vz,Rd = 0 for significantly damaged walls. In 
both cases, crushing failure as well as other 
failure modes must be avoided (overturning, Figure 9. Change in length of the area in compression along the height of the wall 
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out of plane failure, etc.). In both cases of strengthening, anchoring is 
a bigger problem than fibre failure. When anchoring, the conditions 
of strengthening exposure are important. The allowable design 
strain εfd can be determined using the Eq. (9):

 (9)

where:
η - factor dependant on wall exposure conditions
εfk - characteristic strain at failure
γm - partial safety factor.

Exposure factor values   for FRP are given in Table 1.

Table 1. exposure factor (from [43])

Exposure factor values for TRM can be expressed in a simplified 
manner, independent of the fibre material. The values   are given 
in Table 2.

Table 2. exposure factor (from [45])

The partial safety factor according to [43] is 1.2 for FRP for the 
ultimate limit state (ULS), while it is 1.5 for TRM according to [45]. 
The values  refer to the loss of adhesion to the material for which 
a certificate about its characteristics is available. Characteristic 
strain at failure is less than the value  of strain at loss of adhesion 
εlim,conv and the value  at tensile failure of fibres εu,f. The value of 
εu,f is given by the manufacturer for both strengthening methods, 
while the determination of εlim,conv is different for FRP and TRM as 
will be explained later on in the paper.
Based on the allowable design strain, allowable stress can be 
determined as:

 (10)

where:
Ef -  modulus of elasticity of fibre material (provided by the 

manufacturer).

4.2. Strengthening of masonry with FRP

FRP strengthening is achieved by gluing strips. Depending on the 
configuration of strips, the load-bearing capacity increase may be 
either higher or lower. Various recommendations for the calculation 
of strengthening are currently available. A detailed analysis of a 
number of such recommendations is given in [47], together with 
appropriate experimental laboratory data and field tests data. An 
overview of various recommendations is given below.

4.2.1. Strengthening design according to CNR-DT 200/2013

As the basic form of failure is the loss of adhesion of FRP and 
masonry, the allowable stress will depend on the length of 
the bonded area. The maximum length at which anchoring is 
achieved (further increase does not increase allowable stresses) 
can be determined according to [43] by the Eq. (11):

 (11)

where:
γRd - safety factor (depending on the material)
τbd - adhesion strength
tf - FRP strip thickness
ΓFd - design value of specific fracture energy.

According to [43], the safety factor of 1.5 can be assumed for 
tuff and perforated stone, while the safety factor of 1.25 can 
be assumed for limestone and calcarenite. It should be noted 
that the safety factor is not defined if a masonry wall is made of 
clay wall elements; however, the calculation will be on the side 
of safety if the factor of 1.25 is adopted. The adhesion strength 
can be determined by the Eq. (12):

 (12)

where:  
su - slippage at failure.

According to [43] slippage at failure of 0.4 mm can be assumed 
for tuff stones and perforated bricks, while 0.3 mm is assumed 
for limestone and calcarenite. The value su for clay wall elements 
is also not defined here. The assumption that su = 0.3 mm can 
be adopted for clay wall elements is on the side of safety. The 
design value for specific fracture energy is:

ΓFd  (13)

where:
kb - geometry correction factor
kG - correction factor dependent on the type of masonry
FC - confidence factor
fbm - mean value of compressive strength of the wall element
fbtm - mean value of tensile strength of the wall element.

Exposure conditions Fibre material η

Internal
glass

aramid
carbon

0.75
0.85
0.95

External
glass

aramid
carbon

0.65
0.75
0.85

Aggressive
glass

aramid
carbon

0.50
0.70
0.85

Exposure conditions η

Internal 0.9

External 0.8

Aggressive 0.7
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Correction factor depending on the type of masonry is 0.031 mm 
for perforated brick, 0.048 mm for tuff, and 0.012 mm for limestone 
and calcarenite. For prefabricated systems (e.g. FRP strips), the kG 
should be reduced to 40 % of its value. The confidence factor is not 
explained in [43], but is described in NTC2018 [48]; FC can assume 
values  of 1.0, 1.2 or 1.35, where the lowest value corresponds to 
the most detailed examination and 1.35 to the least detailed one. 
According to the new proposal of EN 1998-3 [34], three levels of 
confidence are also given, but the amounts of confidence factors 
depend on the masonry failure mode. A low level of confidence 
is when no tests have been performed (only a detailed visual 
inspection), a medium level is attributed if non-destructive tests 
have been performed and a high level of confidence is given if 
non-destructive tests and material characteristic tests have been 
performed (partially destructive or destructive tests). The mean 
tensile strength value of the wall element according to [43] can 
be estimated as 0.1 ∙ fbm. In the absence of experimental data, the 
geometry correction factor can be determined as follows:

 (14)

where:
lf - width of one FRP strip
b -  width of the area of   the strengthened element under the 

influence of the FRP strip.

In the case of regular elements, the width b can be determined 
as the width of the part of the wall on which the strip rests 
directly. Figure 10 shows the way in which the width b can be 
determined for horizontally and vertically glued strips.
In case of failure in the outer layer of the masonry, the allowable 
stress can be determined as:

 (15)

where:
γf,d -  safety factor that can be taken for loss of adhesion 1.2 

according to [43].

The maximum strain at failure can be determined by Eq. (10). If the 
length of the joint parallel to strip layout is less than the optimal 
bond length determined according to Eq. (11), the allowable stress 
determined by Eq. (15) should be reduced to 85 % of the value. The 
bond length should be determined experimentally in case anchors 
are used or FRP is bent around the wall. However, this length 
should be shorter than that obtained by Eq. (11) so that it can be 
used in these cases as well.
In case a shorter bond length is achieved, it is necessary to 
multiply the stress obtained by Eq. (15) by the coefficient:

 (16)

where:
lb - achieved bond length.

Allowable stress reduction factor values for various lb / le ratios 
are given in Table 3.
If a part of a wall element can break off, a maximum of 80 % of 
the length of such element may be taken in the bond length. 
However, it is not suggested in [43] in which case a part of the 
brick actually breaks off. As shown in Table 3, if the bond length 
does not increase due to potential detachment of a wall element 
part, this condition leads to small reduction in allowable stress 
(only 4 % reduction for lb / le = 0.8). Shear capacity of the masonry 
used in Eq. (8) is the sliding capacity determined by Eq. (2). Shear 
capacity of the FRP strengthening depends on the arrangement 
of FRP strips. In case the strips are placed parallel to the 
direction of shear force (horizontally in the case of walls) then 
shear capacity can be determined using the following Eq. (17):

 (17)

where:
γRd -  partial safety factor, which amounts to 1.2 according to 

[43]
df -  distance from the strengthening fibre most stressed in 

tension and the masonry fibre most stressed in compression
Afw - FRP area; Afw = lf ∙ tf

pf - spacing of adjacent FRP strips.

lb / le 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

k 0.99 0.96 0.91 0.84 0.75 0.64 0.51 0.36 0.19

Figure 10. Determination of dimension b

Table 3. Allowed stress reduction coefficient for different ratios lb / le

Figure 11 shows an example of 
strengthening with horizontal strips (and 
with vertical strips at wall extremities).
The maximum allowable strip spacing 
is not recommended in the standard. 
Obviously, it is necessary to have at least 
one strip per possible diagonal crack. 
Assuming a crack propagation at an 
angle of 45°, this would mean:

pf,max = min (0,5·h; 0,5·lw) (18)

However, Eq. (18) is not given in the 
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standard, but is rather assumed by the authors. A similar 
recommendation is given in [44] for strengthening RC elements 
where the maximum clear distance between two strips is df / 4. Eq. 
(18) should be modified for masonry depending on the morphology, 
masonry type, and element thickness. The authors are not familiar 
with the Eq. that takes into account characteristics of masonry. 
Although this condition is probably met in practical applications, it 
is important to ensure that a possible crack is retained by at least 
one strip.

Figure 11. Schematic of horizontal strengthening with labels

For a different strengthening arrangement, a suitable mechanism 
should be adopted for the determination of shear capacity. For 
example, if a wall is strengthened as in Figure 12a), i.e. by two 
diagonal strips and two vertical ones, then a mechanism as shown 
in Figure 12b) can be formed. The influence of FRP in compression 
should be neglected. Based on the mechanism shown in Figure 
12b), it is then easy to determine forces in each bar of the 
replacement truss. Thereafter, on the basis of the known widths 
and thicknesses of the individual strips, the load-bearing capacity 
of the vertical and diagonal strips can be determined by multiplying 
Eq. (15) by the cross-sectional area of   the strip. Based on this, it 
is possible to determine at which level of horizontal force the 
failure occurs, and which strip will be the first to fail. The masonry 
contributes to the load-bearing capacity at a length equal to the 
length of the horizontal bar of the truss. In Figure 12b), dashed 
lines represent the elements in which compression occurs, while 
solid lines represent the elements in which tension occurs. Of 
course, during an earthquake, the force acts in both directions, and 
so strengthening must be placed symmetrically.

Figure 12.  An example of masonry wall strengthening a) layout of 
strips; b) static scheme

In addition to tensile failure check, it is necessary to check that 
there is no compression failure of the wall. According to [43], the 
compression failure occurs by exceeding the force:

 (19)

where:
fd,h - design horizontal compressive strength of masonry.

The horizontal compressive strength of masonry is significantly 
lower than that in vertical direction [43], it can be assumed that 
fd,h = 0,5 ∙ fd. 

4.2.2. Strengthening design according to ACI 440.2R-02 [44]

Shear capacity of FRP strengthening can be determined using 
the Eq.:

 (20)

where:
φv - safety factor for shear, equal to 0.75
ψ -  additional safety factor for FRP slippage, equal to 0.85
2∙n - total number of FRP mesh layers.

The calculation of the load-bearing capacity of the wall itself is 
different according to the ACI set of standards; however, neither this 
part of the load-bearing capacity nor the crushing will be elaborated 
here in greater detail. Design strain at failure depends on the 
arrangement of strips, on their bond length, and on the material to 
which FRP is attached, and can be determined as follows: 

εfd = κ·εu,f ≤ 0,004 (21)

where:
κ  - strain reduction factor due to loss of adhesion.

Reduction factor can be determined using the Eq.:

 (22)

where:
Le  - active bond length.

Active bond length can be determined by the Eq.:

 (23)

4.2.3. Strengthening design according to fib bulletin 14 [19]

Although this guideline is intended for the calculation of 
strengthening of reinforced concrete structures, the calculation 
procedure will be presented with some adjustments for masonry. 
The load-bearing capacity of the FRP can be determined as:
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 (24)
where:
ρf - strengthening coefficient
α - angle between the FRP axis and wall axis.

The strengthening coefficient is 2 ∙ tf ∙ sinα / tw in the case of 
continuous gluing, or (2 ∙ tf / tw) ∙ (lf / pf) in the case of gluing in strips.
The design strain at failure can be determined by the Eq. (25):

 (25)

where:
fm  - compressive strength of the material (masonry).

The first Eq. in parentheses corresponds to the separation of the 
FRP, and the second to tensile failure. Also, this Eq. is defined for 
carbon fibres, and so its applicability is questionable.
It is also noted in the standard that a strain limit of 0.006 may be 
introduced to provide a shear transfer mechanism by mechanical 
clamping of the aggregate but, if it is not of crucial significance, 
such a limit is not necessary. In addition, this limitation does not 
seem necessary as the influence of mechanical clamping is not 
taken into account in the calculation of masonry, neither in the 
sliding mechanism nor in the diagonal tensile mechanism. It is 
important to note that a similar limitation exists in the norm 
[44], probably for the same reason. Also, as mentioned earlier, 
this standard also considers contribution of an unstrengthened 
element, and it is also necessary to avoid crushing of masonry.

4.3. Strengthening of masonry with TRM

4.3.1. Strengthening design according to CNR-DT 215/2018 [45]

The shear capacity of a strengthened wall can be determined 
using Eq. (8). It can be seen that the diagonal tensile capacity 
(straight failure) of an unstrengthened wall is taken into account 
in the final load-bearing capacity, which is in line with previous 
considerations. The shear capacity of masonry is the capacity 
to diagonal failure. Smaller value from Vt1,Rd and Vt2,Rd should be 
taken into account. The shear capacity of TRM strengthening is 
given in [45] by the Eq. (26):

 (26)

where:
γRd - partial safety factor, which amounts to 2.0 according to [45]
nf -  total number of strengthening layers (on both sides of the 

wall)
tVf -  equivalent thickness of one strengthening layer in the 

shear direction
lf - effective strengthening height
αt -  tensile strength reduction factor, which amounts to 0.8 

according to [45]
εfd - allowable design strain of TRM
Ef - modulus of elasticity of TRM.

Eq. (26) is actually the area of   all meshes (nf ∙ tVf ∙ lf) multiplied by 
strength (αt ∙ εfd ∙ Ef).
According to [45], if the strengthening is placed on one face of the 
wall, it is necessary to reduce VRd,f by at least 30 % and anchors are 
mandatory. In other words, if the strengthening with two meshes is, 
for instance, 100 kN, the strengthening with one mesh is 50 ∙ 0,7 = 
35 kN. In the case of strengthening on one side of the wall, anchors 
should enter the last layer of the wall (the farthest layer from the 
strengthened face). In the case meshes are laid on both sides 
anchors are not necessary according to [45] except in the case of 
poor connection of masonry layers. The distance between anchors 
can be between 3 ∙ tw and 160 cm in the case of wall thickness tw < 40 
cm. The distance between anchors can be between 2 ∙ tw and 200 cm 
in the case wall thickness, tw, is more than 40 cm. At the connection 
with transverse walls, an anchor should enter the transverse wall 
by at least 3 ∙ tw. However, according to the tests carried out in 
[49], it has been shown that such a large anchor spacing can lead 
to a local buckling of the strengthening, which is why the spacing 
approximately equal to the wall thickness is proposed. Large spacing 
of anchors enables the predicted increase in load-bearing capacity, 
but not a significant increase in ductility. However, as an increase in 
the ductility of the strengthened structure is not assumed in [45], the 
anchor spacing is acceptable. The number of anchors also affects the 
speed of construction and, currently, the number of tests is not large 
enough to reliably determine the impact of strengthening on the 
ductility of the structure. 
The effective strengthening height is the height that contributes to 
shear capacity. Figure 13 shows a three-storey wall strengthened 
with TRM meshes. Assuming that the crack propagation angle 
is 45° as in [45], then the height that “holds” one crack is equal 
to the vertical projection of the length of that crack. If the wall is 
strengthened from top to bottom with TRM meshes and the floor 
height hs > lw, then lf = lw and otherwise lf = hs, where hs is the floor 
height and lw is the wall length. Different conditions may be relevant 
for individual floors as can be seen in Figure 13.

Figure 13. Masonry wall strengthened with TRM and diagonal cracks

Wall exposure factor values are given in Table 2.



Građevinar 10/2020

948 GRAĐEVINAR 72 (2020) 10, 937-953

Tomislav Kišiček, Mislav Stepinac, Tvrtko Renić, Ivan Hafner, Luka Lulić

Characteristic strain at failure is defined by the slippage of 
TRM mesh and, as it depends on the material of the mesh, 
matrix, and masonry, it has to be determined based on testing. 
According to [50], the manufacturer should provide the values 
εlim,conv or σlim,conv (σlim,conv = Ef ∙ εlim,conv) based on the adhesion 
test of masonry samples strengthened with TRM. Figure 14a 
schematically shows the method of determining adhesion 
according to [45], while the sample during testing is shown in 
Figure 14b [49].
It can be seen in Figure 14.a that the stress σlim,conv is generally lower 
than the tensile strength at textile failure. The influence of multiple 
layers of meshes was examined in [25], where it was shown that 
the efficiency decreases for a larger number of layers. Overlapping 
of multiple layers causes reduction in the distance between the 
TRM fibres, leading to poorer connection between the mesh and 
mortar. For a larger number of layers, the stress is significantly 
lower than the tensile strength of the mesh. Also, the failure is less 
ductile due to poor adhesion caused by dense mesh.
As the test determined the adhesion at anchorage point, the 
allowed deformation can be increased by 50 % in the area far 
enough from the anchorage point according to [45] because 
the separation of the mesh can also occur at places away from 
the anchorage (but at higher deformation). Of course, if the 
deformation during separation is greater than that at which 
the tensile failure of the fibres εu,f occurs, then εu,f is adopted 
as allowable deformation. Figure 15a shows a sketch of a wall 
without openings, with obliquely hatched area where minor 
deformation is allowed ( it is not defined in [45] which is the 
exact area where minor deformation is allowed, but the author’s 
assumption is that it is an area < 30 cm from all ends of the 
mesh, because it is the bond length according to [45]). 

Figure 15.  Layout of areas with allowable deformations: a) example 1; 
b) example 2

It can be seen in Figure 15a that, for this 
specific case, a large part of the mesh 
cutting the crack can be activated to 
a greater deformation (as the shaded 
area is small). Figure 15b shows a wall 
with an opening near the edge. It can be 
seen that for this specific case a higher 
allowable deformation is acceptable only 
for the part of the wall to the right of the 
opening, while a lower value is relevant 
for the part to the left of the opening and 
for the lintel. Accordingly, the allowable 
deformation must be determined based 
on the wall geometry and the expected 
location of the crack.

In addition to the above, in the case the anchoring of vertical 
strengthening is provided for, it is necessary to check crushing 
of masonry in the compression area. According to [45], the 
following Eq. can be used:

 (27)

where:
fd - design compressive strength of masonry
tw - wall thickness
df -  distance from the most stressed strengthening fibre in 

tension and the most stressed masonry fibre in compression.

The required bond length depends on the materials of the 
masonry, matrix and strengthening, and in the case it is not 
known, the value of 30 cm can be assumed according to [45]. 

4.3.2. Strengthening design according to ACI 549.4R-13 [46]

According to American standard ACI 549.4R-13 [46], the effect 
of strengthening can be determined by the Eq.:

 (28)

where:
2∙n - total number of TRM mesh layers
Af - surface of one TRM layer per one meter of wall height
L - wall length
ffv - design tensile strength of TRM.

The final load-bearing capacity of a strengthened wall can be 
determined by the Eq.:

 (29)

where:
φv - safety factor for shear, which is 0.75
Vm - shear bearing capacity of unstrengthened wall.

The design tensile strength of TRM can be determined as Ef ∙ 
εfv, , where εfv is limited to 0.004. The reason for the limitation 

Figure 14. a) Schematic representation of adhesion test [45] b) sample adhesion testing [49]
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is that the load-bearing component of the masonry cannot be 
counted on for larger strains. A comparison of Eq.s (26) and (28) 
shows that they are very similar, but some differences do exist. 
Symmetrical placement of meshes on both sides of the wall is 
assumed in [46] (hence 2∙n). The mesh surface is reduced to one 
meter in height, which is multiplied by the length of the wall. 
Thus lf from Eq. (26) is reduced to L. This is fine for slender walls, 
but for long and low walls it could lead to an unrealistically 
high load-bearing capacity. In this standard, it is noted that the 
influence of eccentricity should be considered in the case of 
eccentric strengthening.

5. Calculation example

The following is an example of calculation of the load-bearing 
capacity of an undamaged wall strengthened with FRP and TRM. 
The materials of the wall element are solid brick and lime mortar. 
The dimensions of the brick elements are h/w/l = 6,5/15/30 cm 
and the horizontal bed-joints are on an average 1.0 cm thick. In 
this example, the load-bearing capacity of an unstrengthened 
masonry is determined in the same way, regardless of which 
guideline is used for the calculation of strengthening. Thus, it is 
easier to compare the contribution of strengthening according to 
a particular standard. The design compressive force is NEd = 300 
kN. The load eccentricity is e = 75 cm, and so the bending moment 
on the wall is MEd = 225 kNm. Assuming that the wall is statically 
clamped on both sides, the shear force is VEd = 150 kN.
Masonry wall characteristics should be determined for 
each structure by visual inspection and testing. Here, these 
characteristics are assumed, and their values   are given in Table 4. 
The value of KL represents the level of knowledge, with 2 being an 
intermediate level of knowledge.
According to Eq. (1), the shear strength is fv = 0.16 + 0.5 ∙ 1.33 = 
0,83 MPa but it must not exceed 0,065 ∙ 15 = 0.98 Mpa. According 
to Eq. (2), the load-bearing capacity of a wall for sliding is Vp,Rd = 1 
/ 1.5 ∙ 0. 83 ∙ 750 ∙ 300 = 124500 N = 124,5 kN.
The ratio b = h/L is 1.5 and, according to Eq. (4), the allowable 
shear stress is τ = 0.11 / 1.5 ∙ √(1 + 0.5 / 0.11) = 0.17 MPa. 
According to Eq. (5), the load-bearing capacity of the wall for the 
diagonal straight failure is Vt1,Rd = 1 / 1.55 ∙ 2000 ∙ 300 ∙ 0.11 / 1.5 
∙ √(1 + 0.5 / 0.11) = 66848 N = 66.85 kN.
According to Eq. (6), the load-bearing capacity of the wall for the 
diagonal stepped failure is Vt2.Rd = 1 / 1.55 ∙ 2000 ∙ 300 / 1.5 ∙ [0.16 
/ (1 + 0.6 ∙ 1.0) + 0.6 ∙ 0.5 / (1 + 0.6 ∙ 1.0)] = 74194 N = 74.19 kN. 
The limit value according to Eq. (7) is Vd,lim = 1 / 1.55 ∙ 2000 ∙ 300 ∙ 
1.5 / (2.3 ∙ 1.5) ∙ √(1 + 0.5 / 1.5) = 194340 N = 194.34 kN.
The load-bearing capacity of an unstrengthened wall for sliding 
failure is Vp,Rd = 124.5 kN and the load-bearing capacity for 
diagonal failure is Vt,Rd = 66.85 kN. It can be seen that there is a 

diagonal failure mode of the unstrengthened wall because VEd 
= 150 kN > VRd = 66.85 kN. The wall needs to be strengthened.

5.1. Strengthening of masonry with FRP

The following is an example of strengthening of an undamaged 
wall with prefabricated horizontal and vertical carbon FRP 
strips (lamellas) on both sides of the wall, as shown in Figure 
11. The wall under study has no openings. The characteristics 
of the material should be defined by the manufacturer based on 
appropriate tests. Here, these characteristics are assumed, and 
their values   are shown in Table 5.

Table 5. Assumed FRP characteristics in the calculation example

The axial distance of the lamellas pf is determined to ensure 
sufficient load-bearing capacity.
It is also assumed that the mean vertical compressive strength 
of the masonry is 3.4 MPa. According to the guideline [43], it 
can be assumed that the horizontal compressive strength of 
the wall is fd,h = 0.5 ∙ 3.4 = 1.7 MPa. According to Eq. (19), the 
maximum allowable force (which causes masonry to crush) is 
VRd,max = 0.3 ∙ 0.17 ∙ 30 ∙195 = 298.35 kN.

5.1.1.  Strengthening design according to CNR-DT 
200/2013 [43]

A correction factor of kG = 0.031 mm, corresponding to perforated 
brick, is assumed. As solid brick was used in the example, the 
fracture energy should be slightly higher, but the guideline [43] 
does not give the values   of the correction factor. Also, this value 
is reduced to 40 % because prefabricated FRP elements (lamellas) 
were used, i.e. kG = 0.031 ∙ 0.4 = 0.012 mm. It is assumed that only 
a detailed visual inspection was performed, and so the confidence 
factor is FC = 1.35. Horizontal lamellas used in this example can 
be glued so that they are in contact with two or three bricks. More 
bricks mean lower fracture energy and lower allowable stress. 
For safety reasons, the lamellas are assumed to be in contact 
with three bricks along the height. In accordance with Figure 10, b 
= 3 ∙ 6.5 + 2 ∙ 1.0 = 21.5 cm and the correction factor according to 
Eq. (14) is kb = √[(3 ∙ 10 / 21.5) / (1 + 10 / 21.5)] = 0.98. According 
to Eq. (13), the fracture energy is ΓFk = 0.012 ∙ 0.98 / 1.35 ∙ √(15 ∙ 
1.5) = 0.041 N / mm.
According to Eq. (15), the allowable stress is ffd = 1 / 1.2 ∙ √(2 ∙ 
170000 ∙ 0.041 / 1.0) = 98.39 MPa. 
It is assumed that slippage at failure is 0.3 mm, which should be 

Table 4. Assumed masonry characteristics in the calculation example

fv0 
[MPa]

σd 
[MPa]

σ0
 [MPa] KL LC 

[cm]
tw 

[cm]
h

[cm]
L

[cm]
ft 

[MPa] φ fb 
[MPa]

fbt 
[MPa]

0.16 1.33 0.5 2 75 30 300 200 0.11 1.0 15 1.5

Ef 
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conservative. The allowable shear stress according to Eq. (12) is 
τbd = 2 ∙ 0.041 / 0.3 = 0.27 MPa. The bond length according to 
Eq. (11) is le = max[1 / (1.25 ∙ 0.27) ∙ √(π2 ∙ 170000 ∙ 1.0 ∙ 0.041 
/ 2) ; 150 mm] = max[550 ; 150] = 550 mm. As the required 
bond length is shorter than the length of the compression 
area in critical section (the section in which the length of the 
compression area is the shortest), it is considered that the full 
bond length is provided for all strips.
The load-bearing capacity of the unstrengthened wall is 124.5 
kN and should be 150 kN. This means that the following should 
be achieved by strengthening: Vt,f = 150 – 124.5 = 25.5 kN.
According to Eq. (17) the shear capacity of the FRP strengthening 
is Vt,f = 0.6 ∙ 1950 ∙ 2 ∙ 100 ∙ 1.0 ∙ 98.39 / (1.2 ∙ pf) ≥ 25500 N. It 
follows that the distance pf ≤ 0.6 ∙ 1950 ∙ 2 ∙ 100 ∙ 1.0 ∙ 98.39 / 
(1.2 ∙ 25500) = 752 mm. The distance pf = 75 cm is selected. 
The load-bearing capacity of the strengthening with the 
selected spacing is Vt,f = 0.6 ∙ 1950 ∙ 2 ∙ 100 ∙ 1.0 ∙ 98.39 / (1.2 ∙ 
750) = 25581 N = 25.56 kN.
The final load-bearing capacity of the strengthened wall is 
VRd,CNR = 124.5 + 25.56 = 150.06 kN. In this case, an increase in 
the load-bearing capacity due to strengthening is 21 %.

5.1.2. Strengthening design according to ACI 440.2R-02 [44]

The bond length of one strip according to Eq. (23) is le = 23300 / (2 
∙ 1.0 ∙ 17000)0,58 = 54.84 cm. The reduction coefficient according 
to Eq. (22) is κ = (0.5 / 27)2/3 ∙ (195 – 2 ∙ 54.84) / 195 ∙ 54.84 / 
(11900 ∙ 0.016) = 0.00882. Design strain at failure according to 
Eq. (21) is εfd = 0.00882 ∙ 0.016 = 0.000141 < 0.004.
If the same strip spacing is selected as in the example according 
to [43] the shear capacity of the FRP strengthening according 
to Eq. (20) is Vt,f = 0.75 ∙ 0.85 ∙ 2 ∙ 2 ∙ 0.1 ∙ 10 ∙ 195 ∙ 0.000141 ∙ 
17000 ∙ (sin(90°) + cos(90°)) / 75 = 15.89 kN.
The final load-bearing capacity of the strengthened wall is VRd,ACI 
= 124.5 + 15.89 = 140.39 kN. In this case, an increase in the 
load-bearing capacity due to strengthening is 13 %.
In order to ensure the required load-bearing capacity according 
to [44] it is necessary to provide a distance pf ≤ 0.75 ∙ 0.85 ∙ 2 
∙ 2 ∙ 0.1 ∙ 10 ∙ 195 ∙ 0.000141 ∙ 17000 ∙ (sin(90°) + cos(90°)) 
/ 25.5 = 46.74 cm. If the distance pf = 45.0 cm is chosen, the 
load-bearing capacity of the strengthening is Vt,f = 26.2 kN, i.e. 
the total load-bearing capacity is VRd,ACI = 124.5 + 26.2 = 150.7 
kN. In this case, an increase in the load-bearing capacity due to 
strengthening is 21 %.

5.1.3. Strengthening design according to fib bulletin 14 [19]

The FRP strengthening coefficient is ρf = 2 ∙ 1.0 / 30 ∙ 10 / 75 = 
0.0089. According to Eq. (25) the allowable strain is εfd = 0.8 
∙ min[0.65 ∙ (3.42/3 / (170000 ∙ 0. 0089))0.56 ∙ 10-3 ; 0.17 ∙ (3.42/3 / 
(170000 ∙ 0. 0089))0.3 ∙ 0.016] = 0.8 ∙ min[0.000017 ; 0.000386] 
= 0.8 ∙ 0. 000017 = 0.0000136. According to Eq. (24) the shear 
capacity of the FRP strengthening is Vt,f = 0.9 ∙ 0.0000136∙ 170000 
∙ 0.0089 ∙ 300 ∙ 1950 ∙ (sin(90°) + cos(90°)) = 10834 N = 10.83 kN. 

The final load-bearing capacity of the strengthened wall is VRd,FIB 
= 124.5 + 10.83 = 135.33 kN. In this case, an increase in the 
load-bearing capacity due to strengthening is 9 %.
The smallest possible axial distance of the lamellas is 10 cm 
and, for that distance, according to [19], the total load capacity 
is VRd,FIB = 157.48 kN, which is greater than 150 kN.

5.1.4. Comparison of calculation results

If calculation results are compared according to individual 
guidelines, it is evident that the highest contribution of 
strengthening was obtained according to guideline CNR-DT 
200/2013 [43] and the lowest according to fib bulletin 14 [19]. 
However, guidelines [19] and ACI 440.2R-02 [44] are primarily 
intended for calculating strengthening of concrete structures. 
Also, guideline [43] is the most detailed and calculation according 
to this guideline is somewhat more complicated. Therefore, 
it is expected that this guideline gives the largest increase in 
load-bearing capacity, while the remaining guidelines are more 
conservative.

5.2. Strengthening of masonry with TRM

The following is an example of strengthening of an undamaged 
wall with TRM placed along the entire height on both sides of 
the wall, as shown in Figure 13. Carbon meshes are used in the 
example and the wall is assumed to be external (environmental 
conditions are not aggressive). The observed wall has no openings. 
The characteristics of the material should be defined by the 
manufacturer based on appropriate tests. Here, the characteristics 
are assumed, and their values   are shown in Table 6.

Table 6. Assumed TRM characteristics in the calculation example

The total number of meshes nf will be determined in such a way 
to ensure sufficient load-bearing capacity.
The maximum allowable force (which causes masonry to crush) 
according to Eq. (27) is VRd,max = 0.25 ∙ 0.34 ∙ 30 ∙195 = 497.25 kN.

5.2.1.  Strengthening design according to CNR-DT 
215/2018 [45]

The exposure factor for carbon fibre is 0.95 for the inner layer 
and 0.85 for the outer layer. A mean value of 0.9 is taken into 
account. The allowable design strain εfd according to Eq. (9) is εd 
= 0.9 ∙ 0.0065 / 1.5 = 0.0039. Since L < h, then lf = L = 200 cm. 
For one mesh on each face of the wall according to Eq. (26) 
the shear capacity of the TRM strengthening is Vt,f = 1 / 2 ∙ 2 
∙ 0.048 ∙ 2000 ∙ 0.8 ∙ 0.0039 ∙ 170000 = 50918 N = 50.92 kN.
The final load-bearing capacity of the strengthened wall is 
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VRd,CNR = 66.85 + 50.92 = 117.77 kN. In this case, an increase in 
the load-bearing capacity due to strengthening is 76 %.
For two layers of mesh on each face of the wall according to Eq. 
(26) the shear capacity of the TRM strengthening is Vt,f = 1 / 2 ∙ 4 
∙ 0.048 ∙ 2000 ∙ 0.8 ∙ 0.0039 ∙ 170000 = 101837 N = 101.84 kN.
The final load-bearing capacity of the strengthened wall is 
VRd,CNR = 66.85 + 101.84 = 168.69 kN. In this case, an increase in 
the load-bearing capacity due to strengthening is 152 %.
However, according to [25] the effect of two or more layers is 
significantly reduced, and so it is questionable whether a double 
increase in load-bearing capacity would be justified. 
For this reason, it seems more appropriate to choose FRP 
strengthening in this example.

5.2.2. Strengthening design according to ACI 549.4R-13 [46]

As the allowed strain is greater than 0.4 %, the value εfd = 
0.004 is taken into account. For one mesh on each face of 
the wall according to Eq. (28), the shear capacity of the TRM 
strengthening is Vt,f = 2 ∙ 1 ∙ 0.048 ∙ 2000 ∙ 0.004 ∙ 170000 = 
130560 N = 130.56 kN.
The final load-bearing capacity of the strengthened wall is VRd,CNR 
= 0.75 ∙ (66.85 + 130.56) = 148.06 kN. In this case, an increase 
in the load-bearing capacity due to strengthening is 121 %. 
According to this standard, the shear load-bearing capacity is 
also not satisfied by placing one layer of TRM on each face of 
the wall, and so it is necessary to place two layers.

5.2.3. Comparison of calculation results 

Comparison of calculation results shows that a higher 
contribution of strengthening is obtained by the ACI 549.4R-13 
standard [46]. The main difference in calculations according to 
each guideline is the method for calculating allowable strain. 
In case it is significantly higher than 0.4 %, guideline CNR-
DT 215/2018 [45] would give higher load-bearing capacity 
values than the standard [46]. Guideline [45] provides more 
partial safety factors, while the standard [46] provides a global 
factor that further reduces the unstrengthened load-bearing 
component of the wall. Therefore, guideline [45] seems more 
suitable for use in combination with the standard EN 1998-3 
[34].

6. Conclusion

Unreinforced unconfined masonry is highly sensitive to lateral 
forces. The basic failure modes are caused by bending or, more 

often, by shear. There are three basic shear failure modes: 
sliding, exceeding diagonal tensile stresses, and stepped 
diagonal failure. Which one of these will prevail depends 
on the intensity of vertical pressure, typology of masonry, 
and quality of material. In order to increase shear capacity, 
masonry can be strengthened with metallic or non-metallic 
reinforcement. Both methods present some advantages, but 
also some disadvantages. Before strengthening, it is important 
to identify possible failure modes, and the strengthening 
schedule should be determined depending on the geometry of 
the masonry and local conditions of the building. Non-metallic 
reinforcement can be bonded to masonry with epoxy adhesive 
(FRP) or mortar (TRM). This paper presents current guidelines 
and regulations for determining the in-plane shear capacity 
of masonry buildings before and after their strengthening. 
For both types of strengthening (FRP and TRM), the loss of 
adhesion is the primary failure mode and the values   of strain at 
failure should be given by the manufacturer based on testing. 
The Eq.s for the load-bearing capacity calculation depend on 
the strengthening arrangement and consist of the load-bearing 
component and strengthening component. The load-bearing 
component of masonry depends on the condition of masonry 
before strengthening, and should not be taken with full value for 
damaged masonry, but the standards do not provide accurate 
guidelines. Although anchors are required for unilateral TRM 
strengthening, there are no anchor spacing recommendations 
for other forms of strengthening. However, the recommended 
anchor spacing does not ensure stability of the strengthening, 
and so the guidelines do not provide instructions on any change 
in the ductility of the system. It is assumed that only the load-
bearing capacity of elements is increased, and that the ductility 
and stiffness remain unchanged. The guidelines can be used to 
determine the load-bearing capacity of masonry strengthened 
with FRP or TRM in a relatively simple way, as shown by an 
example presented in the paper. Out of presented guidelines 
and standards, the most suitable for use in Croatia are the CNR 
guidelines (for both FRP and TRM) due to their level of detail, 
good compatibility with the EN 1998-3 standard, and similar 
typology of masonry in Croatia and Italy.
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