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Abstract
This paper studies the response of unreinforced masonry (URM) members made of hydrau-
lic lime mortar and fired clay bricks, commonly found in heritage structures, strengthened 
with textile reinforced mortar (TRM) overlays. The investigation includes URM and TRM-
strengthened diagonal compression tests on square panels, and relatively large-scale wall 
specimens subjected to combined gravity and lateral cyclic loads. Complementary com-
pression, tension, and interface material tests are also carried out. The diagonal panel tests 
show that the TRM effectiveness depends in a non-proportional manner on the overlays, 
render thickness, and substrate strength. The enhancement in stiffness, strength, and ulti-
mate shear strain, using one to four mesh layers on each side, is shown to vary in the range 
of 49–132%, 102–536%, and 300–556% respectively. It is shown that strut crushing typi-
cally governs the response of such low-strength URM masonry elements confined by TRM 
overlays. The cyclic tests on the comparatively larger walls show that the TRM is effective, 
shifting the response from URM diagonal tension to rocking, and enhancing the stiffness, 
strength, and ultimate drift capacity by more than 160%, 30%, and 130%, respectively. It 
is shown that analytical assessment methods for predicting the response of TRM-strength-
ened and URM members in terms of stiffness, strength and load-deformation can be reli-
ably adapted. The cumulative contribution of the URM and TRM components, in conjunc-
tion with a suitable fibre textile strain, is also found to offer an improved prediction of the 
shear strength compared to codified procedures. The findings enable the evaluation and 
improvement of analytical models for determining the main inelastic response parameters 
of TRM-strengthened masonry and provide information for validating future detailed non-
linear numerical simulations.

Keywords  Masonry elements · Heritage structures · Clay brick · Lime mortar · Textile 
reinforced mortar · In-plane behaviour · Shear capacity

List of notations

Latin uppercase
Ai	� Area
Af	� Area of the textile reinforcement effective in shear
An	� Cross-sectional area of the member parallel to the bed joint
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Astr	� Strut cross-section
Asw	� Area of shear reinforcement
E	� Elastic modulus
Ed	� Energy dissipation
Ef	� Elastic modulus of the textile
Em	� Elastic modulus of masonry
Em,min	� Minimum value of elastic modulus of masonry
Em,max	� Maximum value of elastic modulus of masonry
I	� Area moment of inertia
G	� Shear stiffness
K0	� Initial stiffness
Ktest	� Test stiffness
Keff	� Effective stiffness
Kel	� Elastic stiffness
N	� Axial load
P	� Load
Pu	� Applied load at failure
Ø	� Diameter
Vf	� Shear force associated with flexural failures (Eq. 7)
Vd	� Shear strength controlled by diagonal tensile cracking
Vd,lim	� Shear strength controlled by failure of brick units
Vr	� Contribution of the mortar overlay to the shear resistance
Vs	� Shear force corresponding to shear sliding
Vs,lim	� Limit shear force corresponding to shear sliding
Vsc	� Strut crushing capacity
Vm	� Contribution of the URM to the shear capacity
Vmt	� Cumulative shear capacity of the URM and textile
Vmtr	� Cumulative shear capacity of the URM, textile and mortar overlay
Vpeak	� Test peak load capacity
Vtest	� Test shear capacity
Vt	� Contribution of TRM/textile to shear capacity
Vtr	� Cumulative contribution of the textile and mortar overlay to the shear capacity

Latin lowercase
b	� Correction factor depending on the shear stress distribution in the panel and its 

aspect ratio
d	� Member depth/width
d′	� Effective compression zone depth
fb	� Brick unit compressive strength
fbt	� Brick unit tensile strength
fdd,e	� Is the design FRP effective debonding strength
fi	� Strength
fj	� Compressive strength of the joint mortar
fr	� Compressive strength of the render mortar
ft	� Diagonal tensile strength
ftk	� Characteristic tensile strength of TRM
ftb	� Design stress when debonding takes
ft,r	� Tensile strength of the render mortar
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fm	� Estimated masonry compressive strength
fmc	� Measured compressive strength on core samples
fTRM	� TRM tensile strength
fv	� Shear stress at failure
fv0	� Initial shear strength
fv0′	� Cohesion of a brick–mortar interfaces of masonry elements
fy	� Yield strength
h	� Height
h0	� contraflexure length
hb	� Height of the brick unit
hw	� Wall height
lb	� Length of the brick unit
n	� Parameter for the number of perforations
nf	� Number of reinforcement layers
sf	� Strip spacing
t	� Thickness
ttot	� Total thickness
tVf	� Equivalent thickness
tf	� Equivalent thickness of the sheet
tf	� Equivalent thickness of the sheet
tf,eff	� effective thickness of the sheet
tr	� Water absorption ratio
wf	� Overlay thickness

Greek letters
α	� Crack inclination angle
α1	� Experimental parameter
α2	� Experimental parameterαt – reduction factor
αK	� Boundary conditions parameter
β	� Angle; biaxial-to-uniaxial strength ratio
γ	� Shear strain
ε	� Strains
ε1	� Axial strain
εb	� Fracture fibre strain in bond tests
εV	� Vertical strains
εh	� Horizontal strains
εf	� Fibre strain
εfb	� Ultimate strain from bond tests
εtk	� Characteristic tensile strength from coupon tests
εm1	� Masonry axial crushing strain
εm1	� Masonry axial crushing strain
εTRM	� Fracture strain in TRM coupon tests
ε(α)

lim,conv	� Conventional strain limit
η	� Elastic modulus-to-compressive strength ratio; exposure-dependent factor
ϕ	� Curvature distribution
φ	� Interlocking coefficient
μ	� Slope of the Mohr–Coulomb criterion for singular brick–mortar interfaces
μ′	� Slope of the Mohr–Coulomb criterion of masonry elements
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μΔ	� Ultimate-to-yield drift ratio
ν	� Axial load ratio
σ	� Vertical stress, unless otherwise stated
σ0	� Vertical stress in the compressed area of the member, unless otherwise stated
σstr	� Strut stress capacity
τmtr	� cumulative shear strength
θ	� Rotation or strut angle
τu	� Shear stress at failure
Δ	� Drift
Δtest	� Test drift
Δpeak	� Drift at peak
Δu	� Ultimate drifts
Δu2	� Second ultimate drift
Δu,URM	� Drift capacity of URM elements
Δu,TRM	� Drift capacity of TRM-strengthened elements
Δf,u	� Flexural drift capacity
Δf,u2	� Second flexural drift capacity
Δv,u	� Shear drift capacity
Δs,u	� Ultimate sliding drift capacity
Δs,u2	� Second sliding drift capacity
Δd,u	� Ultimate diagonal tensile drift capacity
Δd,u2	� Second diagonal tensile drift capacity
Δγ	� Yield drifts

1  Introduction

Heritage unreinforced masonry (URM) structures typically include various deficiencies 
in terms of structural form and constituent materials which, combined with poor mainte-
nance over time, can result in significant vulnerabilities with respect to lateral resistance 
(Fortunato et al. 2017; D’Ayala and Speranza 2003). Irregularities and inadequate connec-
tions can also lead to out-of-plane instabilities (Messali et  al. 2017; Szabó et  al. 2023), 
whilst material heterogeneity, permanent moisture, and environmental degradation, can all 
affect the in-plane stiffness, strength, and drift capacity of masonry (Bompa and Elghazouli 
2021; Elghazouli et al. 2021).

Previous studies showed that URM elements subjected to combined axial and lateral 
loading can be characterized by three limit state mechanisms: shear sliding, diagonal 
cracking, and compressive crushing, forming shear-compression envelopes (Bompa and 
Elghazouli 2022). To prevent shear-governed failure modes, URM walls can either be 
strengthened by inserting reinforcement within the bed joints or by surface strengthening 
(Elghazouli et al. 2022a). In the latter, mortar-embedded reinforcing meshes are attached 
to masonry with mechanical devices. Alternatively, epoxy adhesives can bond laminates to 
the masonry. Conventional systems use reinforced plaster or wire welded meshes embed-
ded in a mortar overlay (Kadam et al. 2014; Shermi and Dubey 2017). Other recent sys-
tems included polymeric meshes (carbon, glass, basalt, polypropylene bands) referred to 
as textile reinforced mortars (TRM) (Papanicolaou et al. 2011; Ismail and Ingham 2014; 
Righetti et al. 2016).
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TRM-strengthened specimens typically show three stages in their in-plane response: 
linear-elastic, cracked, and post-peak. In the first stage, the textile contribution is 
limited due to strain compatibility in the composite and the mortar overlay acts as a 
stiffness enhancer (Wang et al. 2019). Following the crack initiation and stabilisation 
stages in the URM, the load is largely resisted by the textile with an overlay stiffness, 
akin to that of the elastic response of the dry textile (Almeida et  al. 2015; Bertolesi 
et al. 2014). In TRM-strengthened URM, this behaviour can be superseded by debond-
ing at the masonry-to-overlay interface. Either way, the presence of TRM typically 
enhances the deformation capacity of the otherwise brittle URM (Bertolesi et al 2020; 
Koutas and Bournas 2020). TRM contribution to in-plane resistance can be determined 
by diagonal panel tests or tests on wall elements under lateral loading. Previous studies 
have shown that panels strengthened with glass TRM could achieve over a four-fold 
shear strength enhancement compared to URM counterparts (Ismail and Ingham 2014; 
Righetti et  al. 2016; Papanicolaou et  al. 2011). Other studies have also shown that 
low-cost polymeric grids with a lime-based overlay could increase the ultimate defor-
mation by a factor of 2 to 3 (Umair et al. 2015). The overall in-plane shear capacity is 
however typically limited by diagonal crushing of the URM (CNR 2018).

The response of walls under lateral loading is influenced by the aspect ratio, axial 
load level, and the strength and interface properties of mortar and bricks (ASCE 2017; 
Guo et  al. 2022a). Low axial stress levels result in rocking or sliding modes, while 
high axial stress levels cause diagonal tension and toe-crushing (Moon 2004). Glass 
textile meshes embedded into a lime fibre reinforced mortar were shown to nearly dou-
ble the in-plane strength of clay brick lime mortar URM walls under cyclic loading 
(Torres et al. 2021). Tests on clay brick URM walls with basalt textiles inserted into 
lime mortar overlays were also found to enhance the in-plane stiffness, strength, and 
ductility (Garcia-Ramonda et  al. 2022). An increase from one to two layers of flax 
TRM on both sides of clay brick URM elements improved the deformability by over 
20% but not in proportion to strength (Trochoutsou et al. 2022).

In the above-mentioned tests, the failure of both URM and TRM-strengthened walls 
was in diagonal tension without TRM debonding. TRM contribution could be limited 
if global or local debonding occurs. The former typically involves a leaf separation 
mechanism when the overlay de-bonds from the substrate, whilst the latter is charac-
terised by local de-bonding in areas of stress localisation such as at the wall toes (Gat-
tesco et al. 2015). In such situations, the TRM prevents diagonal tension and triggers 
rocking/toe-crushing, modifying the in-plane resistance mechanism (Meriggi et  al. 
2022).

Several previous studies have assessed the response of conventional URM strength-
ened with TRM under diagonal compression (Almeida et al. 2015; Papanicolaou et al. 
2011; Righetti et  al. 2016; Umair et  al. 2015; Wang et  al. 2019). Other studies have 
focused on small scale clay brick lime mortar masonry elements with polypropylene 
(Hračov et al. 2016), basalt (Garcia-Ramonda et al. 2022), or flax (Trochoutsou et al. 
2022) TRM, or small and medium scale rubble limestone masonry walls with glass 
(Gattesco et  al. 2015) or basalt TRM (Meriggi et  al. 2022), and clay brick masonry 
with high strength bed joint mortar (Torres et al. 2021; Ivorra et al. 2021). Importantly, 
none of these configurations are representative of the materials dealt with in this inves-
tigation, which is part of a wider research project concerned with heritage masonry 
structures in Historic Old Cairo (Elghazouli et  al. 2018). There is also, more gener-
ally, a need to propose reliable analytical models for predicting the inelastic in-plane 
response of such TRM-strengthened masonry elements.
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This paper studies the response of TRM-strengthened and non-strengthened URM 
elements with hydraulic lime mortar and fired clay bricks, representative of some 
historic structures (Elghazouli et  al. 2021). The tests include panels under diagonal 
compression and relatively large walls subjected to combined gravity and lateral cyclic 
loads, coupled with complementary compression, tension and interface material tests. 
The results assess the TRM overlays effect on stiffness, strength, ductility, and energy 
dissipation, support future validation of detailed nonlinear numerical simulations, and 
evaluate and improve analytical models for determining the main inelastic response 
parameters.

2 � Experimental programme

The tests described in this paper include various material and member level experi-
ments, as depicted in Fig. 1. Material characterisation tests were undertaken to assess 
the fundamental mechanical properties of the masonry and its constituents. Member 
tests were conducted to quantify the stiffness, strength and ductility enhancements pro-
vided by the TRM overlays.

2.1 � Constituent materials

All specimens incorporated fired clay solid bricks of size 229 × 110 × 66 mm. The man-
ufacturer-reported compressive strength and water absorption were 13.0 MPa and 10.5 
wt.% (Egernsund Tegl 2019) whilst the measured values from at least three samples 
were 14.6 ± 1.1 MPa and 10.5 wt.%, respectively. The bricks and mortar used in the 
tests replicate thirteenth century Old Cairo heritage structures (Elghazouli et al. 2022b). 
The bed joints used 1:3 binder-to-aggregate ratio lime-based mortars (Secil Argamassas 
2019), while the TRM overlays used a 1:3 binder-to-aggregate ratio of equal parts of 
lime and cement (Breedon Cement Ltd, 2019). The TRM overlay requires higher 
strength than the joint mortar to increase the composite wall stiffness compared to the 
URM counterpart. A lime-cement mix in the render provides strength and compatibility 
with the masonry (Koutas et al. 2014). The specific gravities of lime, cement, and sand 
were 2.70, 3.10, and 2.65, with a moisture content of 5% for the sand.

The mortar mixing procedure was according to the guidelines set by EN 1015-2 
(CEN 1999a) and EN 459-2 (CEN 2021a). The mortar consistency was evaluated using 
a flow table as per EN 1015-3 (CEN 1999b). The water was adjusted to get a work-
able mortar with a flow of 190 mm. The binders and sand were mixed for 180 s until 
a uniform mixture was achieved, followed by the slow addition of water and continued 
mixing for a minimum of 180 s. After being cast, the samples were covered with plastic 
sheets, similar to the masonry components, and taken out of the forms after 4 days.

The mixing procedure followed EN 1015-2 (CEN 1999a) and EN 459-2 (CEN 2021a) 
standards to produce bed joint and overlay mortars from dry ingredients and water. The 
fresh mortar consistency was evaluated using a flow table and adjusted to have a work-
able flow of 190 mm EN 1015-3 (CEN 1999b). The constituents were mixed for at least 
360 s (the dry mix of sand and binders for 180 s, and a wet mix with water for another 
180 s) until a homogeneous mixture was obtained. The samples were covered with plas-
tic and removed from forms after 4 days. These were kept in laboratory conditions and 



6279Bulletin of Earthquake Engineering (2023) 21:6273–6315	

1 3

Fig. 1   Specimen details: a large wall specimens, b diagonal panels, c component tests: URM wallettes, 
TRM coupons, substrate-TRM interface tests (Note: wall sizes exclude TRM thickness)
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tested on the same day with the corresponding masonry elements. For each URM wallet 
or diagonal panel, a minimum of 6 cubes were taken from the joint mortar in addition 
to 6 cubes for the overlay mortar. For the relatively large-scale walls, 12 samples were 
taken from the joint mortar of each wall, and 18 cubes from the overlay of the TRM-
strengthened wall. At least 6 cubes were also prepared for the TRM coupons and bond 
tests. In total, over 250 50 × 50 × 50 mm cubes were therefore tested for strength and 
had average strengths of fj = 1.3–4.9 MPa for bed joint mortars and fr = 20.4–32.4 MPa 
for render lime-cement mortars. The lower values of fj were due to higher water content 
needed to ensure appropriate workability for walls built during the hot and dry sum-
mer period (30 ± 5 °C and RH 40 ± 15%) and reflects strength ranges typical of historic 
masonry.

An alkali and age resistant glass fibre reinforcing mesh was utilized in the TRM, with 
a 4.0 × 4.0 mm square mesh size and a weight of 160 g/m2 (Ceresit 2022). The mesh had 
a tensile strength of 2075 N/50mm in the warp and 2180 N/50mm in the weft directions. 
It had an elastic modulus of 72 GPa and an elongation at failure of 3%. The TRM was 
attached to the masonry substrate using high density polyethylene anchors of 8 mm diam-
eter and 52 mm length, which were provided with a 60 mm diameter disc at the top. This 
plastic anchor was chosen to avoid possible leaf separation response.

Direct tension tests were conducted on textile mesh strips of 50 mm width in accord-
ance with EN 13934-1 (CEN 2013). The mesh was embedded at the two ends into 
75 × 50 × 10 mm (length × width × thickness) lime-cement mortar tabs. Aluminium tabs of 
1 mm thickness were then glued with a 2-part epoxy to the mortar tabs to ensure adequate 
local strength and avoid slip from the machine grips. The non-embedded mesh region had 
a length of 300 mm. The specimen label adopted the format T00-Lx, in which x is the 
number of layers. The samples were tested in an Instron 250 kN machine at a displace-
ment rate of 1.0 mm/min. A digital image correlation (DIC) system, consisting of two 2.3 

Fig. 2   Component tests: a URM wallettes, b TRM coupons in tension, c TRM coupons in interface shear
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Megapixel CMOS cameras (LaVision 2022), was used to record the mesh extension over a 
gauge length of 135 mm, defined by rectangular targets attached to the textile specimens.

2.2 � Component tests

Twelve unreinforced masonry (URM) wall specimens with dimensions of 472 × 403 × 110 
mm (± 2.5 × 5.1 × 0.8 mm) were tested to assess the compressive strength of masonry 
(fm). The URM wall specimens were constructed following the guidelines outlined in EN 
1052-1 (CEN 1999d) with 9 ± 1.5 mm lime mortar joints. The specimens were stored in 
laboratory conditions and covered with plastic sheets during early curing. They were tested 
at the same time as the other specimens described in Sect. 2.3. The wall specimens were 
tested using an Instron 3500 kN machine under compression, as shown in Fig.  2a. The 
testing setup had a top and bottom steel transfer plate and a hinge attached directly to the 
machine crosshead. The machine provided load and displacement readings, while two dis-
placement transducers served as a backup measurement system. A DIC system was also 
used, and the specimen surfaces were painted white and covered with black dots of varying 
size (0.5–2.0mm) to create a high-contrast black-white pattern.

A total of 19 × 50 mm wide and 450 mm long prismatic TRM samples incorporating 1, 
2, and 4 layers of textile mesh with lime-cement mortar, with thicknesses of 10, 13 and 20 
mm, respectively, were also prepared and tested in direct tension to assess the full defor-
mational response of the TRM render. The thickness and number of layers correspond to 
the properties of the TRM overlays considered in members. These were in addition to the 
material tests described before on the plain textile mesh with no mortar. Three samples 
were prepared for each configuration. The specimen reference adopted the format TRM-
Lx, in which x is the number of layers, as indicated in Table 1. For example, TRM-L4 rep-
resents a 20 mm thick coupon incorporating 4 layers of mesh. The samples were fabricated 
in plastic moulds by adding the mortar and textile meshes gradually to obtain the above 
configurations.

Similar to the mortar cubes, the TRM samples were covered in plastic sheets to ensure 
the same conditioning and were tested at a similar age achieved by the render at the time of 
testing the strengthened masonry. The sample ends were provided with 1 mm thick alumin-
ium tabs glued with a 2-part epoxy resin to facilitate end-gripping, as depicted in Fig. 2b. 
The tests were carried out in a 250 kN Instron machine at a displacement rate of 0.25 mm/
min in the elastic regime and 1.0 mm/min in the cracked stage. The same DIC system 

Table 1   Mesh, TRM coupons 
and bond tests results

FM failure mode, MR mesh rupture, MR* mesh rupture with some 
mesh-mortar interface cracking; subscript i = f, TRM, b for textile 
fibre mesh, textile reinforced mortar, and bond, respectively

Sample type Strength (MPa) Fracture strain (%) FM

Mesh ff = 1360 ± 224 εf = 2.19 ± 0.30 MR
TRM-L1 fTRM = 2.07 ± 0.03 εTRM = 1.31 ± 0.07 MR
TRM-L2 fTRM = 3.78 ± 0.02 εTRM = 1.81 ± 0.14 MR
TRM-L4 fTRM = 5.01 ± 0.12 εTRM = 1.95 ± 0.11 MR
Bond-L1 fb = 1193 ± 326 εb = 2.39 ± 0.24 MR*
Bond-L2 fb = 1063 ± 443 εb = 3.35 ± 0.31 MR



6282	 Bulletin of Earthquake Engineering (2023) 21:6273–6315

1 3

mentioned above was used to record the specimen kinematics and assess the surface defor-
mations and strains.

For reference, idealised bond tests between the TRM overlay and masonry substrate 
were carried out on single-brick single-lap systems to assess the substrate-to-TRM debond-
ing or delamination at the textile-to-mortar interface. Samples with one or two textile layers 
embedded in a 10 or 13 mm thick lime-cement mortar overlay, respectively, were tested. 
As in the tension TRM coupons, the width of the mortar component was 50 mm, bonded to 
the substrate over a length of 200 mm. Prior to placing the first layer of mortar, the surface 
was brushed, cleaned with compressed air, and painted with a thin film of cement slurry, 
a procedure also used and described below for the TRM-strengthened masonry elements. 
The mesh end without mortar was provided with 1 mm thick aluminium tabs glued with 
a 2-part epoxy to ensure appropriate gripping in the jaws. The samples were tested at a 
displacement rate of 0.1 mm/min using an Instron 250 kN machine as shown in Fig. 2c. 
The brick was tied to the machine bed through a purpose-made rig by means of steel plates 
and threaded rods, to ensure alignment of the mesh axis to that of the machine. As in other 
tests, a DIC system was used, and the machine recorded the applied displacement and asso-
ciated load.

2.3 � Masonry elements

2.3.1 � Diagonal panels

A total of 15 panels (710×710×110 mm) were tested in diagonal compression (Fig. 3a), 
with 7 un-strengthened and 8 TRM-strengthened panels. The strengthened panels had dou-
ble-sided lime-cement overlays with 1 to 4 layers of glass fibre mesh. The aim was to deter-
mine the influence of mesh thickness, validate resistance expressions for diagonal tension 
capacity, and evaluate the feasibility of multi-layer mesh overlays. The specimens were 
labelled in the format ‘DX-a’, where ‘D’ stands for diagonal panel, ‘X’ is the batch (A1 or 
A2), and ‘a’ indicates the number of layers (0, 1, 2, or 4). For instance, DA2-0 represents 
URM panels from Batch A2, and DA2-1 represents TRM-strengthened panels with 1 layer 
from Batch A2. The two batches differed in joint and overlay mortar strengths, which were 
proportional and designed for substrate-overlay compatibility (Table 2). Up to 3 specimens 
were tested for each configuration.

As depicted in Fig. 3b, the panels had 9 ± 1 mm thick lime mortar joints. The speci-
mens were hydrated by water sprinkling before being covered in plastic sheets and tested 
at 30–35 days. The strengthening process involved applying a primer film, drilling anchor 
holes, applying a base overlay, placing the textile mesh, inserting anchors, and applying the 
final coat.

A thin mortar layer of around 3 ± 1.0 was added between each textile layer for multi-
layer specimens. Eight symmetrically positioned anchors were used to prevent the overlay-
substrate debonding. The overlay thickness varied with the number of mesh layers, ranging 
from 10mm for 1 layer to 20 mm for 4 layers. The strengthened specimens, such as that 
illustrated in Fig. 3c–g, were rendered about 14 days before testing.

The diagonal panel tests were conducted with a 1000 kN Instron machine. Figure 3a 
shows that the panels were loaded through a hinge and V-shaped supports at the top. A thin 
timber panel was used between the loading/support plates and the specimen for uniform 
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contact. Along with the  machine load and displacement readings, two string pots were 
placed at the back of the panel to measure deformations. The tests were conducted at a dis-
placement rate of 0.5 mm/min, with a DIC system also employed.

Fig. 3   Diagonal panel tests: a schematic representation of testing arrangement, b view of a URM speci-
men, c layout of plastic anchors for TRM-strengthened diagonals, d image of anchors and mesh, e view of a 
TRM strengthened specimen, f close-up of a diagonal panel with two-layer TRM, g close-up of a diagonal 
panel with four-layer TRM

Table 2   Main results from diagonal panel tests

Speci-
men 
group

Pu (kN) PTRM 
(kN)

fv (MPa) ft (MPa) G (MPa) fm (MPa) fj (MPa) fr (MPa)

DA1-0 26.9 ± 2.4 – 0.24 ± 0.02 0.17 ± 0.02 662 ± 151 3.7 ± 0.1 1.3 ± 0.3 –
DA1-2 120.1 ± 0 93.2 1.09 ± 0 0.77 ± 0 1193 ± 0 3.8 ± 0.1 1.4 ± 0.1 19.6 ± 0.4
DA1-4 144.3 ± 0 117.4 1.31 ± 0 0.92 ± 0 1536 ± 0 3.8 ± 0.1 1.4 ± 0.1 20.8 ± 1.7
DA2-0 74.2 ± 5.1 – 0.67 ± 0.05 0.48 ± 0.03 918 ± 41 5.5 ± 0.1 4.4 ± 0.3 –
DA2-1 149.8 ± 16.4 75.6 1.36 ± 0.15 0.96 ± 0.11 1370 ± 315 5.5 ± 0.1 4.9 ± 0.2 32.7 ± 0.9
DA2-2 158.9 ± 6.2 84.7 1.44 ± 0.06 1.02 ± 0.04 1902 ± 204 6.2 ± 0.2 4.7 ± 0.6 27.6 ± 2.4
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2.3.2 � Large‑scale walls

A pair of walls were also tested under combined gravity and lateral cyclic loads, with focus 
on directly comparing the behaviour of a TRM-strengthened with a non-strengthened 
URM counterpart governed by diagonal tension behaviour. As indicated in Fig.  1a, the 
wall specimens had dimensions of 1910 × 1310 × 110 mm. The specimen size represents a 
relatively large cut-out from a full-scale wall of a masonry structure such as those investi-
gated in the project. Single-leaf elements were prepared to evaluate the contribution of the 
TRM overlay, and to avoid specific effects that would appear in full scale walls such as leaf 
separation. The elements were labelled in the format W1-a, where W stands for wall, and a 
indicates the number of layers. For example, WA1-0 indicates a URM wall, whilst WA1-2 
indicates a double-sided two-layer TRM-strengthened wall. Both walls were constructed 
at the same time with DA1 diagonal panels and had similar bed joint mortar strengths. 
WA1-2 was provided with two mesh layers to appraise and validate capacity expressions 
for TRM-strengthened walls under cyclic loading as well as to evaluate the practicality of 
rendering with overlays incorporating more than one mesh layer. Other specimen pairs, for 
which the non-strengthened URM walls were governed by flexure-type failure, were also 
tested as reported elsewhere (Elghazouli et al. 2022a, b). However, these are not presented 
herein since, as expected, it demonstrated that TRM strengthening only had a marginal 
influence on the performance.

The 16-course high walls (Fig.  4) were constructed using stretcher/running bond and 
placed on steel plates with a thickness of 25 mm with threaded holes for craning. Both ver-
tical and horizontal mortar bed joints had a thickness of 9 ± 1mm. The walls were covered 
in plastic sheets and sprinkled with water for early hydration. The top transfer beam was 
placed on the URM wall and tied to the bottom support steel plate with prestressing ties 3 
days before testing. A cement mortar layer was added for proper bonding and uniform sup-
port (Fig. 4a). The assembly was placed on the rig support plate and tied using 6 × Ø20 mm 
bolts on each side.

The process for the rendered wall was similar to that of the diagonal panels. The steps 
included: application of cement slurry, drilling of plastic anchor holes, laying of levelling 

Fig. 4   Large scale specimen preparation: a transportation and positioning in the rig, b application of the 
first coat of render, layer of textile mesh and plastic connectors, c final rendering
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mortar, placement of textile mesh, and final coat application. The overlay was 13mm thick 
for two layers. The mesh was in 1m wide strips, placed horizontally with 200mm minimum 
overlap for continuity. A total of 20 transverse plastic connectors were used on each wall 
face (Fig. 4b). The wall was rendered after being placed in the rig (Fig. 4c).

The test setup aimed to measure the inelastic response under both reverse lateral cyclic 
displacement and gravity load. The wall was designed as a cantilever masonry structure, 
where the top transfer beam was allowed to rotate. As shown in Fig. 5, the 25 mm thick 
support plate was connected to a steel beam through Ø20 bolts and 4 × Ø33 mm pre-stress-
ing ties to prevent sliding or overturning. A steel loading beam at the top of the wall was 
tied to the support beam through two 80 × 8mm ties, and was used to apply gravity load 
through three 120 kN Enerpac actuators. The lateral cyclic displacement was applied by 
a 250 kN Instron actuator connected to the reaction frame. Steel elements provided out-
of-plane stability to the specimens, following the method described by Elghazouli et  al. 
(2021). The guide rails shown in Fig. 5 were provided with high precision and low friction 
greased roller ball bearings.

The vertical gravity load and lateral displacements were controlled and monitored using 
separate units during each test. Loads and displacements were recorded at a frequency of 
1 Hz using load cells located at each actuator, two 100 kN load cells between the diagonal 
transfer struts and the transfer beam, and other measuring devices such as displacement 
transducers, string pots, inclinometers, and a DIC system. A constant vertical load was first 
applied, resulting in a vertical stress of 1.08 ± 0.01 MPa. Then, a pre-defined lateral cyclic 
history was applied, with three cycles at each drift level (%) of 0.025, 0.050, 0.075, 0.10, 

Fig. 5   a Schematic representation of the testing arrangement for the large walls; b front view of WA1-0, c 
back view of WA1-2
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0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.50, 0.80, 1.0, 1.25, 1.5. This loading procedure was 
chosen based on existing literature (Petry and Beyer 2015).

3 � Test results and observations

3.1 � Component tests

Figure 6 shows the stress–strain response of the tested wallettes. The stress (σ) was deter-
mined by dividing the load from the load cell (P) by the cross-sectional area. The axial 
strain ε1, was obtained from the average of two DIC vertical virtual gauges of 170 mm as 
per EN 1052-1 (CEN 1999d). The grey curves represent individual tests, whilst the black 
curves are the minimum and maximum stiffness ranges. It is shown that a linear relation-
ship exists between the compressive strength of the masonry (fm) and the strength of the 
mortar joints (fj) as long as the strength of the brick units remains constant. For relatively 
low strength mortars with fj = 1.3 ± 0.3 MPa, fm = 3.7 ± 0.1 MPa, whilst for relatively high 
strength mortars with fj = 4.7 ± 0.6 MPa, fm = 6.2 ± 0.2 MPa.

The elastic modulus of masonry Em is typically represented as a function of fm and a 
proportionality scalar factor η (i.e. Em = ηfm) (CEN 2005a). For fm = 3.7 ± 0.1 MPa, the elas-
tic modulus was Em,min = 800 ± 76 MPa whilst, for fm = 6.2 ± 0.2 MPa, Em,max = 1574 ± 139 
MPa. These correspond to η values between 216 and 253, which are within typical ranges 
for lime mortar masonry of 88 to 302 (Costigan et al. 2015; Bompa and Elghazouli 2021), 
and are significantly lower than those for cement mortar masonry (CEN 2005a). As shown 
from the σ-ε curves in Fig. 6, Em and fm are generally proportional. The test crushing strain 
εm1 increases with the decrease in fm and Em, which is expected for cohesive-brittle ele-
ments. Representative crack patterns obtained from DIC data are shown at the bottom right 
of Fig. 6. The initial crack was typically located at a vertical joint at the top centre or mid 
right-hand side of the specimen. In all cases, after crack initiation, the fracture surfaces 
extended vertically through the adjacent bricks.

The results from tests on the textile mesh, bond specimens and TRM coupons are given 
in Table 1. These are the ultimate strength (fi) and corresponding deformation at ultimate 
(εi), where the subscript i indicates the sample type (i = f, TRM, b for textile, textile-rein-
forced mortar and bond, respectively). For example, ff is the textile strength and ε is the 
textile fracture strain). For the textile, the tensile stress/strength was obtained by dividing 

Fig. 6   Stress–strain response 
of compression wallettes and 
representative crack pattern
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the load by the total sectional area of the longitudinal fibres measured with an optical 
microscope. For TRM, the same approach was used, but the sectional area of the mortar 
prism was measured with a digital calliper at 6 cross-sections. For all the tension tests, the 
deformations were assessed from machine measurements using the distance of 300 mm 
between grips as the gauge length and validated by DIC measurements from an average 
of three 135 mm virtual gauges. For the bond tests, the deformation was assessed using a 
gauge length of 175 mm, which corresponds to the distance between grips and mortar. The 
joint mortar compressive strength (fj) from samples tested at the same day as the coupons 
was 13.3 ± 0.71 MPa.

The textile mesh had a linear-elastic response to rupture with an ultimate strength of 
1360 kN and fracture strain of 2.19%, which are lower than the manufacturer values, with 
the elastic modulus matching the manufacturer data. As indicated in Table 1, the average 
textile stress at failure from the bond tests exceeded 1000 MPa. On the other hand, the 
results of the TRM coupons are also summarised in Table 1 and illustrated in Fig. 7a. The 
figures depict the average stress-deformation response of TRM coupons incorporating 1, 2, 
and 4 layers of mesh, obtained from 3 test samples in each case. As indicated, the response 
is largely trilinear with an initial elastic response up to mortar cracking, and a post-crack-
ing response divided into two distinct regions. For specimens with 4 layers, the two post-
cracking regimes can be approximated into a single second linear curve to peak strength. 
This is primarily due to a denser crack spacing. The results in Fig. 7 and the associated 
Table  1 indicate an enhancement in ultimate strength fTRM and deformation εu,TRM with 
the increasing number of textile mesh layers. An increase from 1 to 2 layers, results in an 
enhancement in fTRM and εu,TRM by 82.6% and 38.2%, respectively, and by 32.5% and 7.8%, 
respectively, for an increase from 2 to 4 layers.

Figure  7b–d shows typical views from various tensile tests. Figure  7b shows a mesh 
sample at failure indicating rupture of the fibres near the top grip. For the bond tests, as 
shown in Fig. 7c, the deformation was concentrated in the mesh with no sign of deforma-
tion or slip at the TRM-substrate interface. On the other hand, Fig. 7d illustrates the typical 
cracking pattern in a TRM coupon.

Fig. 7   a Stress-deformation for TRM coupon tests, b mesh test at failure, c interface test at failure, d TRM 
in post-cracking stage



6288	 Bulletin of Earthquake Engineering (2023) 21:6273–6315

1 3

3.2 � Diagonal panels

Figure 8a shows the average stress–strain response of the panel specimens, while Fig. 8b 
depicts the typical crack patterns at failure for selected cases. In these tests, failure is 
reached when the principal tensile stresses normal to the compression strut created between 
the two loading shoes, reaches the tensile strength of masonry. At this point, a macro-crack 
widens and leads to failure (Calderini et al. 2010). This typically arises due to loss of bond 
at the brick-to-mortar interface (Li et al. 2005; Guo et al. 2022b). In the presence of TRMs, 
diagonal crack development is delayed and crack opening is restricted (Wang et al. 2019). 
The impact of TRM on the in-plane stiffness, strength, and ductility depends on the num-
ber of textile layers and the reinforcement ratio (D’Anna et  al. 2021), as evidenced by a 
comparison of the shear stress–strain response shown in Fig.  8a, as well as the strength 
values presented in Table 2, which indicate varying levels of contribution depending on the 
TRM configuration.

The shear stress and strength were evaluated using ASTM E519-07 principles (ASTM 
2007), which assume a pure shear stress in the member (Ferrara et al. 2020). The failure 
shear stress (τu or fv) was calculated as the ratio of the applied force at failure (Pu) to the 
cross-sectional area parallel to the bed joints (An) (Eq. 1a, 1b) (Bosiljkov et al. 2005). The 
indirect tensile strength of masonry (ft) was determined using Eq. (2a, 2b) from the same 
tests (Hendry 1997; CEN 2021b). The angle of deformation/shear strain (γ), defined by 
ASTM E519-07, is the sum of the absolute vertical and horizontal strains (Eq. 3) obtained 
from string pot recordings and validated by DIC measurements. The shear stiffness was 
assessed in the elastic regime within 10–40% of the peak capacity (Table 2).

(1a)�u = fv =
Pu

√
2An

where An = ht

(1b)fv =
0.707 ⋅ Pu

An

where An =

(
d + h

2

)
t ⋅ n

(2a)ft =
2Pu

�Dt

Fig. 8   a Shear stress–strain response of diagonal panels, b crack patterns for selected panels (URM—DA2-
0; 1 Layer—DA2-1, 2 Layers—DA2-2, 4 Layers—DA2-4)
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The URM panels (DA1-0 and DA2-0) showed brittle behaviour, as depicted in Fig. 8, with 
a linear elastic response followed by limited softening near peak capacity and a sudden 
strength drop once the critical crack appeared. The TRM-strengthened panels demon-
strated superior stiffness, strength, and ductility compared to the URM panels. For panels 
with lower compressive strength (DA1-0), adding two mesh layers (DA1-2) increased the 
stiffness and strength by 2.40 and 4.46 times, respectively. With four mesh layers (DA1-
4), the factors became 2.88 and 5.36, respectively. For the higher strength masonry panels 
(DA2-0), one mesh layer (DA2-1) improved the stiffness by 55% and strength by 102%. 
Two layers of mesh applied on both surfaces of the panels (DA2-2) doubled the strength 
compared to DA2-0. These enhancements are correlated with a finer and denser crack dis-
tribution for panels with thicker overlays and higher number of textile layers. Panels with 
relatively thin overlays and a single textile layer had fewer cracks which were concentrated 
near the centre of the panel (Fig. 8b). The masonry-to-TRM interface was intact until the 
peak, and the governing mode in the TRM was tension. The plastic ties were efficient in 
preventing overlay-to-substrate separation, which is expected if transverse connectors are 
provided (Meriggi et al. 2022).

It is shown that the stiffness and strength enhancement varies and is not proportional to 
the number of mesh layers. Four mesh layers applied on the fm = 3.7 MPa masonry gave a 
similar member strength as one layer applied to the fm = 5.5 MPa masonry. This is because 
of different confinement levels provided by the TRM overlays, which influence the crush-
ing capacity of the masonry in the compressed strut. The average ratio of strut stress-to-
masonry compressive strength (σstr/fm) for 1, 2, and 4 mesh layers on each side was 1.17, 
1.23, and 1.63, respectively, which is within or marginally above typical biaxial strength 
ratios for brittle materials. For this assessment, the strut stress (σstr) is the ratio between 
Pu and the assumed strut cross-section Astr = 212 × 110 mm. Clearly, whilst this study con-
sidered up to four mesh layers in order to evaluate the feasibility of multi-layer mesh over-
lays and validate related resistance expressions as noted before, one or two layers would 
typically represent a common practical choice and mesh layers with higher strength may be 
considered when required.

In addition to strength enhancement, the ultimate displacement of the strengthened pan-
els, based on a 20% reduction of load in the post-peak regime, was around three times 
greater than the un-strengthened specimens, indicating an increase in deformation capacity. 
The TRM strengthens the URM, and after cracking, it bridges the cracks leading to addi-
tional ductility.

3.3 � Large‑scale walls

The test results of large-scale walls under lateral cyclic displacement and axial compres-
sion are presented in Fig. 1 and Table 3. The load-drift response is shown in Fig. 9, and the 
DIC crack patterns obtained at ultimate are displayed in Fig. 10a–d, with the failure pat-
terns shown in Fig. 10e, f.

(2b)ft =
P

(d + h)t

(3)� = ||�v
|| +

||�h
||
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3.3.1 � Load‑deformation response

The URM Specimen WA1-0 had a largely symmetric response in the push and pull direc-
tions up to around 90% of the peak lateral capacity. The initial stiffness, corresponding to 
the slope of the line connecting the positive and negative points of the first loading cycle, 
was Ktest = 48.7 kN/m. The maximum push (positive) and pull (negative) lateral load capac-
ities were Pu+ = 107.1 kN and Pu− = −114.1 kN, respectively. As illustrated in Fig. 9a, the 

Table 3   Capacity and 
deformation characteristics of the 
large walls

Note: subscript  + and - denote positive and negative cycles, respec-
tively

Specimen WA1-0 WA1-2

N (kN) 227.3 224.2
Pu+ (kN) 107.1 144.1
Pu− (kN)  − 114.1  − 142.2
Pu (kN) 110.6 143.1
Pu,b (× Pu) 0.85 0.95
Δy (%) 0.16 0.08
Δpeak+ (%) 0.4 0.24
Δpeak− (%)  − 0.5  − 0.24
Δpeak (%) 0.45 0.24
Δu+ (%) 0.67 1.55
Δu− (%)  − 0.58  − 1.38
Δu (%) 0.63 1.46
Ktest+ (kN/mm) 44.8 136.6
Ktest− (kN/mm) 52.5 119.3
Ktest (kN/mm) 48.7 128
K0 (kN/mm) 86.3 156.3
Keff (kN/mm) 45.7 123.4
Kel (kN/mm) 53.6 125
fm (MPa) 4.3 ± 0.3 4.3 ± 0.3
fj (MPa) 2.2 ± 0.5 2.1 ± 0.7
fr (MPa) – 20.4 ± 1.3

Fig. 9   Lateral load—drift curves for Specimens: a WA1-0, b WA1-2
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corresponding drifts at peak loads were Δpeak+ = 0.40% and Δpeak− = 0.50%, respectively. 
The response was governed by shear as indicated by the failure crack patterns depicted in 
Fig. 10a, b. The push and pull ultimate drifts associated with a 20% loss of lateral capacity 
were Δu+ = 0.67% and Δu− = 0.58%, respectively.

The TRM-strengthened Specimen WA1-2, which was provided with two mesh layers on 
each side, exhibited a largely symmetric behaviour in terms of elastic stiffness and overall 
load-drift response. The initial stiffness was Ktest = 128 kN/mm and the lateral capacity was 
Pu = 143 ± 1 kN. By comparing Ktest of this wall with its non-rendered URM counterpart 
(WA1-0), it is shown that the cement-lime overlays improved the elastic stiffness by a fac-
tor of 2.63. The average Δ at peak was about 46% lower than that of the corresponding 
URM. As indicated in Fig. 9b, the wall had a largely elastic response up to around 93 kN, 
similar to that of WA1-0 shown in Fig. 9a.

By comparing the responses of WA1-0 and WA1-2, it is shown that the TRM 
enhanced the strength by 30.6% compared to the URM wall, due to the suppression of 
the diagonal crack development by the TRM overlay. The ultimate response of WA1-2 

Fig. 10   Crack kinematics: a WA1-0 first diagonal crack, b WA1-0 ultimate crack pattern, c WA1-0 after the 
test, d WA1-2 toe crushing initiation, e WA1-2 damage at ultimate, f WA-2 after the test

Fig. 11   Load—drift envelopes: a full response, b average curves
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was governed by gradual crushing at the toes during load reversals, combined with 
gradual buckling of the textile reinforced mortar overlay. The TRM restricted crack 
development and shifted the failure from diagonal tension to rocking. This is shown in 
Fig. 10c, d, which indicate diagonal cracking at ultimate for WA1-0 and high concentra-
tion of compression strains at the wall toes for WA1-2.

Figure  11a shows the P-Δ curves for lateral load-drift, obtained from first cycle 
peaks at each drift level. Comparing WA1-0 and WA1-2, the presence of TRM overlay 
increased both the stiffness Ktest and capacity Pu, by 162.8% and 29.4%, respectively. 
The increase in stiffness is due to the contribution of the relatively high-strength mortar 
overlay, whist the increase in strength is due to the TRM effectively preventing a brittle 
diagonal tension failure, which occurs in the URM counterpart.

3.3.2 � Drift capacity

In Fig. 11b, the test envelopes (average of positive and negative) and the corresponding 
bi-linear representations are directly compared for the wall specimens. The bi-linear P-Δ 
curves were evaluated by considering the energy equivalence between the test and the 
bilinear idealisation (Tomazevic 1999; Bosiljkov et al. 2005; Salmanpour et al. 2015) and 
where the linear branch of the latter intersects the test envelope at 0.7 × Pu. Apart from 
Δu, which for WA1-2 was greater than that of WA1-0 by a factor of 2.32, ductility can 
also be considered as the ultimate-to-yield drift ratio μΔ = Δu/Δy. The two drift parameters 
(i.e. Δy and Δu) are taken from the bilinear curve (Table 3). Considering this measure, the 
TRM-strengthened WA1-2 specimen exhibited higher ductility, compared to the URM wall 
WA1-0, by a factor of 4.65. The TRM increased the stiffness and strength, avoiding brit-
tle failure and significantly improving the ductility of the masonry. The above observa-
tions agree with the literature (Torres et al. 2021; Garcia-Ramonda et al. 2022) and with 
the results from the diagonal panel tests, which showed that the TRM overlay generally 
increases the ductility of masonry (Fig.  11b). In diagonal-tension governed modes, the 
TRM reinforcement delays crack initiation, and provides enhancement in strength, ductil-
ity, and energy dissipation under lateral loading (Ivorra et al. 2021; Torres et al. 2021). The 
strengthening technique can change URM in-plane shear failure to more ductile rocking/
toe-crushing failure modes.

Fig. 12   a Stiffness degradation, b cumulative energy dissipation
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3.3.3 � Degradation and energy dissipation

Table 3 gives the main stiffness parameters of the tested walls. The initial test stiffness K0, 
corresponding to the slope of the first loading cycle, provides an indication of the elastic 
stiffness properties of the tested walls. To assess the stiffness degradation properties of the 
URM and TRM-strengthened walls, the stiffness was determined for all cycles. Figure 12 
depicts the stiffness degradation with respect to K0. Positive drift values are associated with 
unloading stiffness from the foremost positive cycle peak load-drift pair to the foremost 
negative pair and vice versa.

As shown in Fig. 12, for WA1-0, the reduction in stiffness compared to K0 was more 
than 30% at Δ = 0.04%, 50% at Δ = 0.10%, 80% at Δpeak, and 90% at Δu. A 20% loss of 
lateral capacity from peak was associated with a change in drift from Δpeak = 0.45% to 
Δu = 0.63% (Table 3). The rendered counterpart (WA1-2) had a higher initial stiffness K0. 
The presence of the TRM overlay increased K0 by 81%, as shown in Fig. 12. For WA1-2, 
the reduction in stiffness was more than 30% at Δ = 0.05%, about 50% at Δ = 0.14%, and 
around 70% at Δpeak.

As discussed before, the response of WA1-2 was more ductile due to a shift in behaviour 
from diagonal tension in WA1-0, to rocking and toe crushing at ultimate. This is reflected 
in the longer plateau between the peak (Δpeak = 0.24%) and ultimate (Δu = 1.46%) drifts for 
WA1-2, indicating a lower rate of strength reduction compared to WA1-0. With regard to 
strength degradation at the same applied drift, as shown in Fig.  9a, b, the hysteresis of 
WA1-0 and WA1-2 indicate that the strength was largely similar for all three cycles up to 
around 70% of peak strength. With the gradual increase in inelastic deformations, either 
due to diagonal cracking for WA1-0 or toe crushing for WA1-2, the strength reduction 
between the first and second cycle was higher than from the second to third cycle.

The energy dissipation in the wall specimens was evaluated from the hysteretic behav-
iour in Fig. 9, based on the enclosed areas of cyclic loops at each drift level. Figure 12b 
depicts the relationship between the energy dissipation Ed and drift Δ for WA1-0 (URM) 
and WA1-2 (TRM-strengthened). It is shown that at Δ = 0.5%, Ed of WA1-2 was higher 
than that of WA1-0 by a factor of 3.18 and exceeded two-folds at Δu of the URM.

4 � Analytical assessments

4.1 � Unreinforced masonry (URM)

Strength assessment models typically classify the in-plane response broadly into flexure-
governed and shear-governed behaviour. In  situations where flexure dominates, a rock-
ing behaviour with little to no diagonal cracking occurs, and failure is often due to toe 
crushing resulting in a more ductile outcome (Calvi et al. 1996). Shear-governed failures 
occur through either sliding or diagonal cracking. In case of sliding, the wall slides along 
a horizontal joint whilst, for diagonal cracking, the response resembles that of the diago-
nal panels described in Sect. 3.2. High levels of compressive load impose axial restraint 
which limits the flexural deformations and produce diagonal-tension governed modes, or 
full crushing of masonry for elements with low compressive strength (Guo et al. 2022a). 
As noted before, in this study, particular focus is given to URM walls governed by diagonal 
tension failure, due to the effectiveness of TRM strengthening in these cases.
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4.1.1 � Shear‑governed actions

In design, the governing action is assumed as the minimum of the considered ultimate 
limit conditions (see Eq. 4). The revised Eurocode 8-3 (EC8-3) (CEN 2021b) differentiates 
between shear-governed responses (shear sliding Vs and diagonal cracking Vd in Eqs. (5) 
and (6), respectively) and flexural-controlled response (Vf in Eq. (7)) for the in-plane lateral 
capacity of URM. Current EC8-1 provisions (CEN 2004) consider only shear sliding (Vs) 
and flexure (Vf) through Eqs. (5a) and (7), respectively.

Shear sliding can be represented by Mohr–Coulomb criteria (Corinaldesi 2012; Bompa 
and Elghazouli 2020), as adopted in the current EC8-3 and given in Eq. (5a). This expres-
sion requires the actual compression zone depth (d’), which can be obtained analytically, 
from test measurements, or numerical modelling (Elghazouli et al 2021; Guo et al 2022a). 
In this study, the reduced depth d’ was obtained from analytical assessments. EC8-3 also 
imposes a limit (Vs,lim), which differs in the revised EC8-3 (CEN 2021b) (where it is 
expressed as 0.065fb) from the current EC8-3 (CEN 2005b) (where it is given as 0.065fm) 
where fb and fm are the brick and masonry compressive strengths, respectively. These equa-
tions are valid for fm > 2.0 MPa, hence may not apply for some forms of historic URM.

The diagonal strength Vd of irregular masonry walls is based on the principal stress crite-
rion (right hand side of Eq. (6a) depending on the compression at the bed joints (σ0), and 
the diagonal tensile strength ft (Calderini et  al. 2010). This is associated with bed joint 
stepped sliding, typical for URM with weak mortar. Shear-tensile cracking of bricks can 
occur when the strengths of the mortar and the bricks are similar (Guo et al. 2022a). The 
quantity under the square root is multiplied by the element geometry td/b in which d is the 
masonry wall depth, t is the thickness, and b is a correction factor that considers the shear 
stress distribution and shape of the panel (h/d, where h and d are the height and depth of 
the panel respectively, within a range of 1.0 ≤ h/d ≤ 1.5).
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The shear strength of regular masonry walls by diagonal cracking uses the Mohr–Coulomb 
criterion Eq. (6c), relating the shear strength of the panel through parameters fv0’ and μ’ 
and the interlocking coefficient φ  (CEN 2021b). The parameter φ is the brick height-to-
overlapping length ratio. The depth d’ in Eq. (6c) is the length associated with the com-
pressed region at the wall end, and the axial stress σ is evaluated for the compressed region 
(d’ × t). Equation 6c is limited by Vd,lim (Eq. (6d)), which adopts the same principal stress 
criterion, but for failure through bricks. This is captured by the formulation which uses the 
test tensile strength of bricks (fbt), which can be conservatively assumed as 0.1 × fb (CEN 
2021b). The stress σ0 in Eqs. (6a) and (6d) is the ratio between the axial force N at the 
panel centre and the full cross-sectional area (d × t).

4.1.2 � Flexure‑controlled response

In EC8-3 (CEN 2005b; CEN 2021b), the shear capacity for flexural-controlled cases (Vf) 
(Eq. 7) depends on the wall depth (d), the distance between the section where the flexural 
capacity is attained and the contraflexure point (h0), and the axial load ratio ν.

The axial load ratio ν is the ratio between the axial load N and the compression capacity 
(d × t × fm of the wall where t is the wall thickness and fm is the mean compressive strength).

4.2 � Contribution of TRM

The in-plane behaviour of a strengthened specimen can be broadly represented by three 
stages: linear-elastic, cracked, and post-peak. The role of the textile is minimal during the 
early stages, with the majority of the stiffness improvement arising from the mortar over-
lay (Wang et  al. 2019). The TRM is only activated after masonry cracking, acting as a 
crack-bridging mechanism which limits crack widths and delays failure (Ismail and Ingham 
2014; Türkmen et al. 2020). Debonding, however, can govern the response if the bonded 
length is insufficient, and the overlay cannot develop its tensile strength (Zampieri et  al. 
2020). Fibre mesh slip may also occur within the mortar matrix (ACI 2013). Provided that 
debonding or in-matrix fibre slip do not govern, TRM typically enhances the deformation 
capacity of URM which is otherwise of largely brittle nature (Bertolesi et al. 2020).

4.2.1 � Composites‑based models

The current EC8-3 (CEN 2005b) permits the strengthening of URM by means of ade-
quately anchored TRM overlays bonded to either one or both faces of walls. It is suggested 
that textile meshes should be ductile and preferably inserted in lime-cement mortars. How-
ever, there is a lack of information on how to determine the effect of the TRM on the in-
plane shear resistance. The draft revision of EC8-3 (CEN 2021b) also allows strengthening 
by the addition of tensile resisting elements that act in the direction perpendicular to the 

(6d)Vd,lim =
t ⋅ d

b

fbt

2.3

√

1 +
�0

fbt

(7)Vf =
�d2tfm

2h0
(1 − 1.15�)
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bed mortar joints. Reference is made to (Eurocode 6) EC6 (CEN 2005a), which adopts 
the truss analogy to assess the shear capacity of the strengthened element as the cumula-
tive contribution of masonry and of the strengthening system, but does not provide explicit 
guidance for TRM. This approach is similar to that for FRP-strengthened reinforced con-
crete elements which is covered in the current and revised EC8-3 (CEN 2005b; CEN 
2021b), and has been used for comparative purposes in TRM-strengthening studies (Tho-
moglou et al. 2020). Thus, the contribution of surface bonded strengthening systems such 
as TRM to the in-plane shear capacity of masonry can be added to the URM strength (as 
shown below in Eq. 8).

Although no specific guidance exists for TRM, Eq.  9a from the draft EC8-3 (CEN 
2021b) for the contribution of FRP sheets-strengthened RC members can be adapted to 
assess the TRM shear capacity. Considering a strut angle θ = 45°, that the fibres are paral-
lel to the direction of shear action (as in CNR-DT 215 (CNR 2018) for TRM) i.e. β = 90°, 
0.9d≈d wall depth, the strip width wf = d, the sheet spacing sf = wf as suggested in EC8-3 
and fdd,e = ff = Efεf, Eq. (9a) can be rewritten as Eq. (9b). In the code, tf is the thickness of 
the sheet, and fdd,e is the design FRP effective debonding strength. Since in TRM-strength-
ened masonry elements, debonding through splitting of the substrate is unlikely in con-
trast to FRP-strengthened concrete, the expression for fdd,e in EC6 would not apply (CEN 
2005a). In this case, ff = Efεf, in which εf = 0.004, as used for strengthening of circular sec-
tions, would be more suitable.

The quantity d × tf can be further combined as ΣAf which is the total area of textile meshes 
contributing to shear. As noted above, the EC6 (CEN 2005a) model for reinforced masonry 
walls subjected to horizontal in-plane loads accounts for the cumulative contribution of the 
masonry and the reinforcement system. The equation is also in the form of ΣAifi, in which 
ΣAi is the horizontal shear reinforcement over the considered part of the wall, and fi is the 
material strength, in that case the yield strength of steel rebars (Eq.  10). Based on EC6 
(CEN 2005a), the cumulative shear capacity of a masonry wall and the reinforcement sys-
tem is limited to 2.0 MPa. By using strengthening system-specific quantities, EC6 (CEN 
2005a) and EC8-3 (CEN 2005b) expressions are virtually identical.

4.2.2 � TRM‑specific expressions

Specific expressions to evaluate the influence of TRM on the in-plane shear strength of 
URM walls are proposed in various design guides. The Italian code CNR-DT 215 (CNR 
2018) considers this through Eq. (11a), as the product of a factor accounting for the fibre 
tensile strength reduction due to shear action (αt = 0.80 or measured through tests), the sum 

(8)Vmt = Vm + Vt

(9a)Vt,1 = 0.9d
(
2tf

)wf

sf
ffdd,e(cot � + cot �)

(9b)Vt,1 = 2dtf Ef �fe = 2

(∑
Af

)
Ef �f

(10)Vt,2 = 0.9Aswfy ≈
(∑
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)
fi ≈

(∑
Af
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Ef �f



6297Bulletin of Earthquake Engineering (2023) 21:6273–6315	

1 3

of reinforcement layers on both sides of the wall nf, the equivalent thickness of a layer 
in the direction parallel to the shear force tVf, the design dimension of the reinforcement 
measured orthogonally to the shear force hw but not greater than the wall depth/length (i.e. 
hw ≤ d), the elastic modulus of the dry textile Ef, and the design strain of the textile εf. In 
this code, εf is expressed as the product of the exposure-dependent factor η and the conven-
tional strain limit ε(α)

lim,conv (Eq. 11b). The latter is determined from bond tests performed 
on TRM overlays applied to conventional masonry substrates and multiplied by an amplifi-
cation coefficient α = 1.5, with values other than 1.5 considered if supported by experimen-
tal evidence.

The in-plane shear capacity given by the URM and TRM overlays is limited by crushing 
of masonry (i.e. 0.25 × fm × t × d, in which fm is the masonry compressive strength, t is wall 
thickness, and d is distance between the extreme fibres of the TRM in tension and com-
pressed masonry, with the fibre direction orthogonal to the shear force). This expression 
is similar to that adopted in EC6 as an upper limit for reinforced masonry beams subjected 
to shear loading (CEN 2005a). It is worth noting that if strengthening is applied to a single 
wall side, the shear capacity should be reduced by 30%.

The North American code ACI 549.6 (ACI 2013) considers the TRM contribution in the 
form given in Eq.  (12). The shear-effective mesh reinforcement area per unit width is 
denoted as Af, with n representing the number of mesh layers. The cracked elastic modulus 
of the TRM is represented by Ef, and d represents the length of the wall in the direction of 
the applied shear force. The design tensile strain, εf ≤ 0.004, is similar to the approach in 
EC8-3 (CEN 2005b) for FRP sheets. The cumulative contribution of the URM and TRM 
to the in-plane shear resistance is limited by toe crushing. As noted above, this follows a 
similar form to Eq. (7) for flexural capacity according to EC8-3 (CEN 2005b; CEN 2021b). 
The more recent version of ACI 549.6 (ACI 2020) jointly published with the RILEM TC 
250-CSM report (ACI 2020), adopts Eq. (13) to assess the TRM contribution to in-plane 
shear. In this expression, n is the wall sides strengthened, Af is the shear-effective mesh 
reinforcement area per side, Ef as above is the cracked elastic modulus and εf is the design 
axial strain which is limited to εf ≤ 0.004, noting that values greater than 0.004 are accepted 
if supported by experimental evidence. In both recommendations, the in-plane shear capac-
ity either through stair-stepped sliding or diagonal tension, is capped by the toe crushing 
capacity.

Although Eq.  (13) is adopted in the same format in the RILEM TC 250-CSM report 
(ACI 2020), the design axial εf strain is the minimum of that obtained from bond tests 
εfb and tension tests on coupons εtk. The parameters, α1 = 1.15 and α2 = 1.25 in Eq.  (14) 
are both obtained from experimental fitting. This approach is similar to that suggested by 

(11a)Vt = �tnf tVf hwEf �f

(11b)�f = ��
(�)

lim,conv
= ��Fmax,b

/(
Af Ef

)

(12)Vt = 2nAf dEf �f

(13)Vt = nAf Ef �fd
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(
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/
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Triantafillou (2016), in which the design strength of the TRM ff is the minimum between 
the characteristic tensile strength ftk, and the design debonding stress ftb. The latter can 
either be determined from tests or assumed conservatively as εtbEf = 0.003Ef. More recent 
models account for separate contributions of the mortar and textile to the in-plane shear 
capacity of the TRM; i.e. Vtr = Vt + Vr, in which Vt is the contribution of the textile, and Vr 
is of the overlay (Thomoglou et al. 2020).

4.2.3 � Proposed approach

Suggested expressions for the in-plane diagonal tension capacity are given in Eqs. (15). 
These are based on the cumulative contribution of the URM Vm, of the textile meshes Vt, 
and of the mortar overlay Vr (Eq. 15a). The contribution of the URM is given by Eq. (15b), 
depending on the masonry type. The resistance Vt is a function of the total area of tex-
tile meshes parallel to and in the direction of the shear action as depicted in Fig. 13 (i.e. 
includes all activated meshes), Ef is the fibre elastic modulus (Ef = 72 GPa for glass), and εf 
is the strain in the mesh at fracture as obtained from tests (see Table 1). In design, a lower 
value may be considered as noted in the recommendations discussed above. The contribu-
tion of the overlay Vr is based on the principal tensile criterion assuming conservatively 
no influence from the axial stresses (i.e. σ0 = 0). The resistance Vr given by Eq.  (15c) is 
a function of the total overlay thickness tr, wall depth, the shape factor b and the tensile 
strength of the render mortar ft,r which can be assumed as 10% of the compressive strength 
(ft,r = 0.1fr), in the absence of specific experimental data.

The ultimate in-plane response of reinforced strengthened masonry may be controlled 
by crushing (CEN 2005b). As the TRM overlay is compositely connected to the sub-
strate, it provides confinement to the direct strut forming under diagonal compression and 
enhances the overall strength. Assuming that the strengthened wall is at least in bi-axial 
confinement, the crushing capacity can be multiplied by a factor β (Eq. 15d). This factor is 
between 1.15 and 1.20 for cohesive brittle materials, thus a value of β = 1.15 can be con-
servatively assumed (e.g. Kupfer et al. 1969).

Fig. 13   Schematic representation of the shear action in TRM strengthened walls
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(15a)Vmtr = Vm + Vt + Vr

(15b)Vt =

(∑
Af

)
Ef �f

(15c)Vr =
tr ⋅ d

b
ft,r

Fig. 14   Predicted vs test TRM strengths using: a CNR-DT 215 (CNR 2018), b ACI 549.6 (ACI 2020), c 
proposed approach

Fig. 15   Comparison between test curves and strength predictions for: a DA1-2, b DA1-4, c DA2-
1, d DA2-2 (legend: black curves—test data; dashed red line—crushing capacity of masonry under 
biaxial confinement β × 0.25 × t × d × fm, where β = 1.15; continuous red line—in-plane shear capacity 
Vmtr = Vm + Vt + Vr where Vm is the URM contribution, Vt is the mesh contribution and Vr is the overlay 
contribution)
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Figure 14 compares the predictions of Eqs. (11–15) and the test results from Sect. 3.2 (grey 
circles) and from the literature (black squares), whilst Fig. 15 shows a comparison between 
the test stress–strain curves for the diagonal panel tests and capacity predictions using 
Eqs. 15. The literature database includes square panel tests which failed in diagonal tension 
with failure through the TRM overlay. These include clay or tuff masonry, lime or cement 
overlays incorporating glass carbon or basalt meshes (Prota et al. 2006; Faella et al. 2010; 
Parisi et al. 2013; Donnini et al. 2021; Marcari et al. 2017).

From Fig. 14 it is observed that existing codes provide an overly conservative estimate 
of the TRM contribution across all ranges of parameters as indicated by the location of the 
datapoints and the average (AVG) values shown at the top-left corner of the figure. For 
consistency, in all code assessments, the design textile strain was considered as εf = 0.004 
as suggested in EC6 (CEN 2005a) for strengthening of circular sections, and ACI 549.6 
(2020) for TRM. This indicates that for diagonal tension failures of strengthened walls in 
which the TRM is fully activated, a higher ultimate design strain can be considered. Fig-
ure 14 also shows the predictions of the proposed design-oriented model which includes 
the contribution of the mortar and the textile separately. Using this approach, the test-to-
predicted average is 1.03 and the standard deviation is 0.21 for the tests in this paper, and 
the corresponding values are 1.21 and 0.45 for the overall database. Note that the ultimate 
strain used in Eq. 15b is the tensile strain at rupture εf of the textile either through the tests 
or from the manufacturer.

The test stress–strain curves of panels described in Sect. 3.2 are shown in black continu-
ous curves in Fig. 15. Stiffness predictions are also shown in the figure with grey and red 
dash-dot curves for URM and TRM-strengthened panels, respectively. The capacity predic-
tions of Eq. 15a (for the cumulative in-plane diagonal tension resistance) and Eq. 15d (for 
the crushing strength) are shown in continuous and dashed red lines, respectively. Note that 
Vm is the test strength of the URM diagonal panel. The shear stiffness G of URM panels 
was also assessed by multiplying the masonry elastic modulus Em by 0.5, in which Em = ηfm 
with η = 250 (Sect. 3.1). The multiplication factor of 0.5 is 20% greater than that stipulated 
in EC6 (CEN 2005a) (i.e. G = 0.4 × E), which is set to provide a lower bound conservative 
estimate. For the TRM-strengthened panels, a proportionate contribution of the substrate 
and overlay as a function of their thickness was considered. To assess the elastic properties 
of the overlay mortar Er = ηfr was used, in which η = 400 for cement-lime mortars (Bompa 
and Elghazouli 2021). As illustrated in Fig.  15, the predicted stiffnesses are marginally 
lower (DA1) or matching (DA2) the tests, indicating that the adopted approach is slightly 
conservative.

With regard to capacity predictions, the crushing capacity Vsc is always lower than the 
cumulative in-plane shear resistance Vmtr. Moreover, Vsc is associated with a change in test 
stiffness, which suggests that the ultimate was controlled by crushing of the direct strut, 
followed by development of a diagonal crack and by the gradual activation of the TRM. 
The dashed red line representing the URM strut crushing capacity is close to the propor-
tionality limit (first yield) point for panels with thinner TRMs (DA1-2, DA2-1 and DA2-2), 
whilst for DA1-4 with the thickest TRM, the difference between the two measures is com-
paratively greater. This suggests that the biaxial confinement level depends on the TRM 
thickness and number of mesh layers. The ultimate test capacity is also well captured by 
Eq. 15 using the fracture fibre strain capacity εf. The test-to-predicted average is 0.95 and 
the standard deviation is 20%. These statistical parameters are improved if a lower εf is 

(15d)Vsc =
1
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used (e.g. εf = 0.004 as recommended by current guides) which is expected to be the case 
in design.

4.3 � Lateral load‑deformation response

4.3.1 � Unreinforced masonry

The stiffness of URM walls is usually determined using elastic beam theory and is influ-
enced by the wall geometry, material properties, and boundary conditions (Tomazevic 
1999; Benedetti and Steli 2008; Haach et al. 2010). The elastic stiffness (Kel), from elastic 
beam theory and accounting for shear deformation, is evaluated with Eq. (16). The predic-
tion from Eq. (16) was compared with the test stiffness (Ktest), measured at 10–40% of ulti-
mate capacity, and is shown in Fig. 11.

The elastic stiffness Kel is a function of the wall thickness t, length or depth d, height h, 
elastic bending modulus E, elastic shear modulus G, area moment of inertia I = t × d3/12, 
wall cross-section An = d × t, and a factor αK depending on boundary conditions. The 
parameter αK is 3.33 for cantilevers, and G is typically 33–40% of E (Magenes et al. 2010; 
Salmanpour et  al. 2013) and can be considered as G = 0.4 × E according to EC6 (CEN 
2005a). The effective wall stiffness Keff was also assessed from the bilinear idealisation 
depicted in Fig. 11b, and directly compared with estimates of Eq. (16). Keff generally varies 
between 40 and 80% for Kel for URM (Bosiljkov et al. 2005). Based on the assessments in 
this paper, it is shown that the Keff/Kel ratio is around 85% for the non-strengthened wall.

The lateral load-deformation (P  −  Δ) response of URM walls can be represented by a 
piecewise linear relationship that considers strength degradation (CEN 2021b). The ideal-
ized relationship has two branches, the first up to 70% of the peak strength, represented by 
the elastic stiffness Kel, and the second at 50–75% of Kel. The strength between the yield 
Δy and ultimate Δu drifts is assumed constant. The second branch continues to a ‘second’ 
ultimate drift Δu2, which is 4/3 of Δu, with the slope depending on the failure mechanism 
(flexure, sliding, or diagonal tension). The drift parameters Δu and Δu2 are associated with 
the ‘Significant Damage’ and ‘Near Collapse’ limit states, respectively.

Based on EC8-3 (CEN 2005b), the ultimate drift capacity in flexure-controlled cases 
is Δf,u = 0.008h0/d, and is suggested as Δv,u = 0.40% for shear-governed situations. In 
EC8-3 (CEN,2021b), Δf,u = 0.01(1-ν), where ν is the axial load ratio, and the second drift 
Δf,u2 = 1.33Δu,f orresponds to 10% reduction in shear force (for regular masonry, increas-
ing to 20% for irregular masonry) in the post-peak range. For the revised (2nd genera-
tion) version (CEN 2021b), a value of Δs,u = 0.8% is proposed; however, if the masonry 
unit strength (Vs,units) limits the shear sliding, a value of Δs,u = 0.5% is recommended, with 
Δs,u2 = 1.33Δs,u. Equation  (5a) is used to evaluate the residual shear strength at Δs,u2. If 
Vs,units governs the shear sliding, the residual shear strength is assumed as half the slid-
ing strength without the contribution of fv0. For diagonal failure, Δd,u is considered as 
0.6% for regular (stair-stepped joints) masonry, and as 0.5% for irregular masonry, with 
Δd,u2 = 1.33Δd. For regular masonry, the residual shear force at Δd,u2 is assumed as 50% of 
the shear resistance, reducing to 30% for irregular masonry.

(16)Kel =
1

h3
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4.3.2 � Strengthened masonry

Provided that full composite action between the overlay and the substrate can be assumed 
in the elastic regime of TRM-strengthened walls, the stiffness Kel can be evaluated form the 
cumulative contribution of the components, namely the URM, considered above, and the 
TRM overlay. For the strengthened wall specimen (WA1-2), the ratio Keff/Kel is 0.98, and 
the contribution of the masonry to Kel is 51%, whilst that of the overlay is 49%.

According to EC8-1-2 (CEN 2021c), the drift capacity of reinforced masonry members 
may be assumed as 1.5 times the URM, unless demonstrated otherwise by tests whilst, 
according to EC8-3 (CEN 2021b), the deformation capacity is 1.33 the URM, provided 
that detailing is compatible with EC6 (CEN 2005a) recommendations. ASCE 41-17 
(ASCE 2017) provides a wide range of drift limits for reinforced masonry walls under in-
plane actions depending on the aspect ratio, reinforcement ratio, axial load, and a residual 
strength ratio. The second drift limit in EC8-3, Δu2, and associated strength, can be corre-
lated with the drift and corresponding strength obtained by applying the residual strength 
ratio in ASCE 41-17 (ASCE 2017). These drifts vary within 0.2%-2.6% as a function of the 
wall aspect ratio, reinforcement ratios, and axial load. For shear-governed walls with axial 
load ratios above 0.15, the element is considered to have a brittle response with no ductil-
ity, as a ‘force-controlled’ mechanism.

As shown above, deformation limits exist in seismic assessment and retrofitting codes 
[i.e. EC8-3 (CEN 2021b) and ASCE41-17 (ASCE 2017)]. However, these are for masonry 
reinforced by steel rebars, and cannot be applied directly to URM strengthened with TRM 
overlays. Although TRM-specific recommendations acknowledge the enhancement in 
deformation capacity, they do not provide expressions to quantify the deformability of 
TRM-strengthened URM (CNR 2018; ACI, 2020). A direct comparison between the test 
drift capacity of masonry walls strengthened with basalt TRM, and those stipulated in the 
current EC8-3 (CEN 2021b) and the Italian standard CNR-DT 215 (CNR 2018) for URM, 
indicated that both standards underestimate greatly the deformation capacity both at SD 
and NC (Garcia-Ramonda et al. 2022). This points to the need for specific limits that can 
be used for TRM-strengthened masonry.

Fig. 16   Comparison between average test envelopes and predictions of code expressions for: a WA1-0, b 
WA1-2 (Legend: black curves—test envelopes, continuous red curves—diagonal tension capacity, dashed 
red curve—TRM activation, dashed grey curves—capacity, dash-dot grey curves flexural capacity multi-
plied by β = 1.15 accounting for the confinement produced by the TRM overlay)
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4.3.3 � Comparative assessments and practical considerations

The response of the relatively large wall specimens described in Sect. 3.3 are compared in 
Fig. 16 to the EC8-3 (CEN 2021b) predictions. The black solid curves are the test enve-
lopes, the continuous red curves represent the URM diagonal tension response estimates 
(full response for WA1-0, or capacity for WA1-2), the dashed red curve represents the TRM 
activation using Eq. (15), the dashed grey curves are the URM flexural load drift curves, 
and the dash-dot grey line is the URM flexural response estimates multiplied by β = 1.15 
accounting for the confinement produced by the TRM overlay suggested in Sect. 4.2. Fig-
ure 16 indicate that the design code predicts generally well both the diagonal tension and 
flexural load drift-envelops as well as the governing mechanism; i.e. the diagonal tension 
capacity is below the flexural capacity for WA1-0.

As shown in Fig.  17a, b the diagonal tension capacity predictions using the EC8-3 
expressions, shown in dashed red lines, provide slightly conservative estimates compared 
with existing URM tests (i.e. Specimens URM_1 & URM_2 from Garcia-Ramonda et al. 
2022; and Specimen BW from Trochoutsou et al. 2022). The load-drift curves in the figure 
are assessed from the average of the positive and negative envelopes, and using the bilin-
earisation procedure described in Sect. 3.3. The beneficial contribution of the mortar over-
lay, without the presence of textile meshes is shown by the comparative load-drift curves 
of non-rendered Specimen BW and rendered Specimen LW in Fig. 17b. The dashed-dot 
red line indicates the cumulative contribution of the masonry through diagonal tension 
(Eq. 6c) and of the render (Eq. 15c). This is below the peak capacity of the LW wall, indi-
cating a conservative prediction of the capacity. Finally, the cumulative contribution of the 
masonry, render and textiles (Eq.  6a and Eq.  15) for TRM-strengthened walls failing in 
diagonal tension is shown in Fig.  17 as a continuous red line for walls with one textile 
meshes both sides (LDB_1 & LDB_2 and FL1W), and as dotted red line for walls with two 
textile meshes both sides. For these assessments, a reduced ultimate fibre strain εf = 0.006 
was considered, to account for the strain concentration and partial/local activation of the 
mesh at the maximum crack width, crack kinematics and crack pattern due to cyclic load-
ing. It is shown that the predicted capacities are below peak test strength, indicating safe 
application of the proposed model for TRM-strengthened walls failing in diagonal tension.

Fig. 17   Comparative capacity predictions and load-drift curves for URM and TRM-strengthened walls fail-
ing in diagonal tension: a non-strengthened URM_1 & URM_2 and TRM-strengthened LDB_1 & LDB_2 
(Garcia-Ramonda et al. 2022); b non-strengthened non-rendered BW, non-strengthened and rendered LW, 
TRM-strengthened with 1 layer both sides FL1W and 2 layers both sides FL2W (Trochoutsou et al. 2022)
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For the tests described in this paper, the URM diagonal tension capacity for WA1-2 is 
lower than the flexural capacity, but the latter is only 7% higher, indicating that rocking is 
activated immediately after the URM shear resistance is reached (Fig. 16b). The dashed-
dotted grey curve indicates that the TRM enhanced the flexural capacity delaying toe 
crushing mode, attributed to the confinement action provided by the overlay. With regards 
to deformation response, the code curves align very well with the test envelopes. For WA1-
2, there is a significant increase in ductility and more representative drift limits may be 
considered in practice, provided that the TRM is adequately bonded and anchored in the 
masonry wall; i.e. leaf separation and/or buckling are prevented. This is supported by the 
TRM-strengthened-to-URM ultimate drift capacities (Δu,TRM/Δu,URM) shown in Table 4 for 
the tests in this paper and in the literature. It is shown that the average Δu,TRM/Δu,URM = 1.42 
which are within the ranges suggested in the revised EC8-3 (CEN,2021b). As stipulated in 
EC8-1-2 (CEN 2021c) and EC8-3 (CEN 2021b), the drift capacity of reinforced masonry 
members may be assumed as 1.5 times and 1.33 times those of URM, respectively, unless 

Fig. 18   Relationship between masonry compressive strength and normalised shear capacity
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other values are demonstrated by tests and provided that details are compatible with those 
in EC6 (CEN 2005a). It is shown that for TRM-strengthened walls failing in diagonal ten-
sion, the EC8-3 approach would give more conservative ultimate drift estimates.

To illustrate the comparative influence of key material and geometric properties on the 
effectiveness of TRM in strengthening heritage URM walls governed by diagonal tension 
failure, Fig. 18 is constructed as an indicative guide. The curves depicted in Fig. 18 are 
obtained from Eq.  (15), where the total wall thickness ttot, axial load ratio ν, wall aspect 
ratio correction parameter b, and the type of mesh material were varied, with other param-
eters kept constant. For comparative purposes only, ttot = 250 and 500 mm (in which ttot 
is the sum of masonry t and overlay tr thicknesses) were considered. The overlay thick-
ness tr = 10(nf + 2)/3 was obtained from a linear regression of the measured thickness tr and 
number of layers nf of the TRM coupons described in Sect. 2.2. Axial load ratios of ν = 0, 
0.15 and 0.30 and aspect ratio parameters of b = 1.0 and 1.5, were considered. These ν are 
typical for masonry walls in heritage structures (Guo et al. 2022a), whilst the two b values 
are the lower and upper bounds stipulated in EC8-3 (CEN 2021b). Finally, meshes with 
a reduced ultimate fibre strain εf = 0.006 and elastic modulus of Ef = 70, 90 and 220 GPa, 
corresponding to typical ranges for glass, basalt and carbon materials, were accounted for.

The abscissa of Fig. 18 shows compressive strength fm ranges of clay brick lime mortar 
masonry, representative of heritage structures, which can be estimated from the material 
properties of the bricks and mortars (Bompa and Elghazouli 2021). The y-axis shows the 
normalised cumulative shear strength (τmtr/tf,eff) in which τmtr = Vmtr/(t × d) and tf,eff = ΣAf/h 
as defined in Sect. 4.2.3 and Fig. 13. As shown in the legend of the figure, the contributions 
of the URM, overlay and each two consecutive mesh layers (one on each side of the wall) 
are identified with ‘M’, ‘O’ and ‘2L’, respectively, and illustrated in a different colour. To 
assess the contribution of the URM, ft = 0.0163fm1.88 was obtained from a regression analy-
sis from the tests in Sect. 3.2 and values stipulated in EC8-3 (CEN 2021b). The code gives 
a single value ft = 0.114 ± 0.21 MPa for solid brick masonry and lime mortar having an 
fm = 3.4 ± 0.26 MPa, thus giving unreliable estimates outside this value. The contribution 
of the overlay and of the TRM was assessed using Eq.  (15) and associated assumptions. 
Finally, the τmtr/tf,eff at which strut crushing (SC) may govern is shown by a continuous red 
line (Eq. 15d) and in light red shade. Note that flexural-response modes can also govern the 
limit condition, capping the τmtr/tf,eff both for URM and TRM-strengthened walls. These 
response modes need to be verified independently for each configuration as they are bound-
ary conditions-dependent (Eq. 7).

It is generally shown from Fig. 18 that for relatively low strength masonry (fm≈2 MPa), 
SC governs and a maximum of 2L will be activated achieving εf around 0.006. With grad-
ual increase in fm, a higher number of layers are activated, and SC would gradually govern 
in proportion to the increase in ν, as evidenced by the trends in Fig. 18a–c. Similar trends 
appear in Fig. 18d–f, yet a lower URM contribution is observed due to the comparatively 
higher aspect ratio correction parameter (b = 1.5) considered. A comparatively thicker wall 
(ttot = 500 mm) would lead to a high contribution from the TRM for low fm and a low con-
tribution from TRM for high fm values (Fig.  18g). For example, for fm≈2 MPa each 2L 
of TRM would double the τmtr/tf,eff value but is limited by SC, whilst for fm≈8 MPa, the 
enhancement will only be  around 25%. Using a mesh with higher Ef would give higher 
contribution from the TRM for each 2L of mesh, which may be more practical as nf is 
reduced, leading to less workmanship and thinner TRMs for the same required τmtr/tf,eff 
capacity. Such comparative illustrations may be useful in practice to evaluate the efficacy 
of TRM strengthening and support decisions on selective intervention techniques.
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5 � Conclusions

This paper examined the experimental response of unreinforced masonry (URM) elements 
incorporating fired clay brick and hydraulic lime mortar, representative of many heritage 
structures, strengthened with textile reinforced mortar (TRM). Tests on URM and TRM 
components, URM and TRM-strengthened diagonal compression elements, and wall speci-
mens subjected to gravity loading and lateral cyclic deformations, were carried out. The 
results enabled a detailed assessment of the influence of TRM overlays on the stiffness, 
strength, energy dissipation and deformation capacity, as well as evaluation and improve-
ment of analytical models for determining the key inelastic response parameters. The main 
remarks are outlined below.

•	 Compression tests indicated a linear relationship between the compressive strength of 
masonry and the mortar joint strength given a constant brick unit strength. Elastic mod-
ulus-to-compressive strength ratios between 175 and 260 were also obtained, which are 
lower than those of cement mortars.

•	 The TRM stress–strain curves showed a distinctive bi-linear response with ultimate 
strength and fracture strain depending on the mortar thickness and the number of textile 
layers. An increase from 1 to 2 layers led to an enhancement in strength and fracture 
strain by 82.6% and 38.2%, respectively, whilst an increase from 2 to 4 layers added a 
further 32.5% and 7.8%, respectively. Single-lap bond tests showed that substrate-TRM 
debonding does not govern the response.

•	 Diagonal compression tests showed that the enhancements in stiffness and strength are 
not directly proportional to the number of layers, depending on the render thickness, 
overlay and substrate strengths. A single layer of mesh on both surfaces of the panel 
led to stiffness, strength and ultimate shear strain enhancement of 49%, 102% and 300% 
respectively. The use of two layers increased the same parameters on average by 94%, 
230% and 556%, whilst for four layers the enhancements were by 132%, 536% and 
532%, respectively.

•	 Strut crushing can govern the response of TRM-strengthened panels with relatively 
low URM compressive strength due to the confinement provided by adequately tied 
TRM overlays. Strut stress-to-masonry compressive strength ratios of 1.17, 1.23 and 
1.63 corresponding to one, two and four mesh layers, respectively, were estimated for 
the tests described in this paper, which are comparable to expected biaxial strengths in 
brittle materials.

•	 For URM walls failing in diagonal tension under combined lateral cyclic and gravity 
loading, the addition of TRM overlays restricted diagonal crack development, shifting 
the response to rocking. The addition of TRM overlays enhanced the stiffness by 167% 
and increased the strength by 30.6% compared to the non-rendered counterpart.

•	 A shift from URM diagonal tension to toe crushing in the large TRM-strengthened 
wall produced an increase in ultimate drift capacity by 132% as well as a 108% higher 
cumulative energy at ultimate. For the URM and TRM-strengthened walls failing in 
flexure, although the drift capacities were similar, the latter had 29.3% higher energy 
dissipation. The first-to-second cycle strength degradation was higher than for the sec-
ond-to-third cycle in all cases.

•	 Analytical assessments indicated that considering a cumulative contribution of the 
URM and TRM overlay, with their specific geometries and measured material prop-
erties, predicts well the stiffness of the strengthened diagonal panels. Provided that 
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debonding or leaf separation do not occur, a cumulative contribution of the masonry, 
mortar, and textile strengths considering the fracture strain of the textile mesh, provides 
an improved in-plane strength estimate compared to current code predictions.

•	 Code expressions were shown to predict generally well the governing mechanism and 
capacity for URM walls under lateral loading. However, for the TRM contribution, a 
reduced fibre strain of 0.6% was considered in the current assessments to account for 
specific crack kinematics and crack patterns due to cyclic loading. This reduced strain 
is 50% higher than typically imposed by codes and provided a safe capacity prediction 
for a range of tests extracted from the literature.

•	 The average TRM-strengthened to URM wall ultimate drift capacity ratios based on 
tests from the literature was 1.42 which is within the ranges stipulated in seismic design 
codes for reinforced masonry, suggesting that the current provisions are suitable for 
estimating the ultimate drift capacity of TRM-strengthened masonry walls.

•	 Based on the proposed analytical relationships, the comparative influence of key mate-
rial and geometric properties on the effectiveness of TRM in strengthening heritage 
URM walls governed by diagonal tension failure was illustrated through representative 
curves. Such curves may be useful in practice as an indicative guide for supporting 
decisions on selective intervention techniques.
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