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Abstract. As one of the main historical construction materials, masonry is abundant among 
the architectural heritage of earthquake-prone areas of the Mediterranean countries. 
Earthquake mitigation approaches are now focusing on strengthening solutions based on 
compatible and environmentally friendly repair materials. These solutions should efficiently 
improve the in-plane lateral strength and displacement capacity, which are the two most 
significant parameters considered in the seismic assessment of masonry buildings. This paper 
reports an experimental programme on masonry walls composed of handmade solid clay brick 
and hydraulic lime mortar, a recurrent typology for historical buildings. Tests under cyclic in-
plane forces were carried out on unreinforced and retrofitted walls. The unreinforced walls 
were repaired and retrofitted after being damaged in the first test and were then tested again 
to investigate the recovery of strength. The repair consisted in filling the open cracks and 
replacing the damaged bricks by following the so-called “scuci-cuci” technique. The 
retrofitting consisted of externally bonded textile reinforced mortar (TRM). The investigated 
TRM system was a continuous bidirectional grid of basalt embedded in hydraulic lime mortar. 
The experimental results show the suitability of the proposed solutions for seismic retrofit and 
post-earthquake repair of existing masonry buildings. The research results highlight the 
effectiveness of the investigated systems in increasing the resistance and ductility of 
unreinforced brick masonry. In addition, the results allow a better understanding of the 
behaviour of masonry walls subjected to cyclic horizontal displacement.  

 
1 INTRODUCTION 

Clay brick masonry is one of the most recurrent construction materials found in the 
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Mediterranean built heritage. Owing to the material’s almost null tensile strength, among other 
mechanical features, masonry buildings show large vulnerability to earthquake action. In an 
attempt to enhance the seismic performance of masonry constructions, a significant research 
effort has been undertaken during the last decades in order to validate efficient strengthening 
techniques. Among them, textile reinforced mortar (TRM) has been receiving increased 
attention due to its mechanical efficiency and satisfactory compatibility with the masonry 
substrate. This technique is also known in the scientific literature as FRCM (Fibre Reinforced 
Cementitious Matrix), according to the nomenclature adopted in the American standards [1]. 
As lime-based matrix is preferred to cementitious one nowadays, the acronym FRCM can be 
reinterpreted according to the novel definition "Fibre Reinforced Composites in inorganic 
Matrix" introduced by recent Italian standards CNR-DT 215/2018 [2]. 

In order to better understand the mechanical behaviour of TRM retrofitted masonry, a series 
of quasi-static experiments, consisting in shear-compression tests with cyclic loading, were 
carried out in the Laboratory of Materials and Structural Technology of the Universitat 
Politécnica de Catalunya (UPC-BarcelonaTech).  

The main aim of the experimental programme was to investigate the in-plane performance 
of TRM strengthened brick masonry walls with focus on the predominant failure modes and 
deformation capacity. The programme comprised six tests on four walls. Two specimens were 
tested in the unreinforced configuration and later repaired and retrofitted with low-density 
basalt TRM (LDB-TRM). The remaining two walls were retrofitted with the same LDB-TRM 
solution. The walls were tested up to peak loading and beyond until an almost complete 
exhaustion of its residual bearing capacity in order to determine the drift corresponding to the 
collapse limit state. The experimental results are compared with the provisions of Eurocode 8 
and NTC2018 on limit conditions against earthquake. Eurocode 8 [3] defines two main limit 
states corresponding to Significant Damage (SD) and a ultimate limit state associated with Near 
Collapse (NC). The Italian standard NTC2018 [4] defines a Serviceability Limit State (SLE), 
which includes the Damage Limit State, and a Ultimate Limit State (SLU).  

2 SPECIMENS FEATURES 

2.1 Material characterization 
Four masonry walls with dimensions 1270 × 1270 × 310 mm3 were built with clay bricks in 

Flemish bond with 21 courses and 15 mm thick mortar joints. The specimens represent one of 
the most frequent material combinations in historical masonry, i.e. solid clay brick and lime 
mortar joints. The handmade solid clay bricks were fired using traditional methods. The mortar 
was derived from a hydraulic lime-based commercial premix by reducing its compressive 
strength with limestone filler addition in order to replicate a low strength historical lime mortar 
[5]. The mechanical properties of the bricks and mortar were measured following standards EN 
772-1 and EN 772-6 [6,7]. The measured normalized compressive strength 𝑓𝑓𝑏𝑏,𝑐𝑐 and flexural 
strength 𝑓𝑓𝑏𝑏,𝑓𝑓 of the bricks were equal to 17.99 MPa (with coefficient of variation CV 8.3%) and 
2.44 MPa (CV 20.0%) respectively. The compressive strength 𝑓𝑓𝑚𝑚,𝑐𝑐 and flexural strength 𝑓𝑓𝑚𝑚,𝑓𝑓 
of the mortar were equal to 2.61 MPa (CV 27.5%) and 0.58 MPa (CV 28.4%).  

Two specimens were tested in the unreinforced configuration (URM), and later repaired and 
retrofitted with a bidirectional low-density basalt grid (LDB). The remaining two specimens 
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were retrofitted with the same LDB. The textile was embedded in a mortar matrix consisting of 
a premixed NHL 3.5 natural hydraulic lime mortar with compressive strength 𝑓𝑓𝑚𝑚𝑚𝑚,𝑐𝑐 and flexural 
strength 𝑓𝑓𝑚𝑚𝑚𝑚,𝑓𝑓 equal to 13.18 MPa (CV 9.8%) and 3.26 MPa (CV 2.2%) respectively. 

Four LDB sheets with dimensions of 800 × 1270 mm2 were applied to each specimen. Two 
sheets were placed on each face of the wall with an overlap of 300 mm in the centre of the wall. 
The overlapping was chosen according to a previous study indicating that a minimum bond 
length of 200 mm is required for good performance [8]. The used LDB textile has a Young’s 
Modulus of 90 GPa and an ultimate tensile strength of 1700 MPa. 

2.2 Repair and retrofitting 
After the initial tests, two unreinforced specimens were repaired using the “scuci-cuci” 

technique, i.e. a local reconstruction of the damaged masonry portions based on fractured bricks 
replacement and lime mortar repointing. The aim of the repair was to restore the wall's structural 
continuity along the cracks and to recover its initial stiffness. The materials used for the scuci-
cuci operation were the same ones utilized for the original construction in order to assure good 
compatibility in terms of stiffness and resistance. The considered repair technique followed 
three stages. First, the cracks of the specimens were widened using a rotary hammerdrill 
accessorized with a 20 mm width flat chisel, and a hand tool 30 mm width flat chisel. Second, 
the damaged bricks were replaced by new ones, as shown in Figure 1. Finally, the cracks were 
filled with the same lime-based mortar used for the retrofitting of the walls. 

 

 
Figure 1: Scuci-cuci intervention on the URM tested walls. Removing and replacing of fractured units. Filling of 

cracks with lime-based mortar for repair. 

3 EXPERIMENTAL SET-UP 
The samples were laid on a metallic C- profile filled with concrete. This profile allowed the 

sliding shear failure to potentially occur in the bed joints of the lower course of bricks [9]. This 
profile was fixed on a stiff steel plate fixed to the strong floor slab of the laboratory by means 
of post-tensioned steel bars. In turn, a reinforced concrete (RC) beam was placed on top of the 
wall. This element was used for the application of both uniformly distributed vertical load and 
horizontal cyclic loading by the corresponding actuators. In addition, a stiff metallic H-profile 
stiffened with ribs was placed over the RC beam in order to ascertain an even distribution of 
the applied vertical loading. The vertical load was applied with two jacks with a capacity of 
1000 kN each. The jacks reacted against a stiff frame anchored to the strong floor. A 3 mm 
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thick Teflon sheet and a 3 mm thick PVC sheet were inserted between the RC beam and the 
metallic profile to provide a smooth horizontal surface and to reduce the friction between both 
elements. In addition, a layer of cement-based mortar with thickness of 5 to 10 mm was placed 
between the RC beam and the PVC sheet in order to level the top surface of the beam and 
guarantee a uniform vertical load transfer. 

3.1 Testing procedure 
The shear compression tests were performed in two steps. First, the vertical force V was 

gradually applied under force control. The valves of the jacks were closed once the designed 
compression stress was reached (𝜎𝜎𝑣𝑣 = 0.3 MPa). With the valves closed, no displacement or 
rotation of the top of the wall was possible and applying horizontal load induced a double 
bending condition [10]. Because of the testing mode, the vertical load increased with the 
application of horizontal load. The increase of vertical load depended upon the stiffness 
degradation of the wall. 

The horizontal shear force H was applied with a hydraulic actuator anchored to a reaction 
wall. The actuator had a pushing and pulling capacity of 350 kN and 250 kN respectively. Two 
steel plates (530 × 300 × 30 mm3) connected by 4 steel rods of 40 mm diameter were mounted 
aligned with the horizontal actuator. One of the plates was connected to the horizontal actuator 
by means of a hinge, enabling the application of reversed cyclic loading in the horizontal 
directions, see Figure 2. 

The walls were instrumented with ten linear variable displacement transducers (LVDT) to 
measure diagonal displacement and control the uplift and relative sliding between the wall and 
its base. Eight potentiometer displacement transducers were utilized to measure the diagonal 
and vertical displacement. Finally, two laser sensors measured the imposed horizontal 
displacement. The vertical load was measured by means of four pressure transducers and the 
horizontal load by the actuator’s inner load cell. 

 

 
Figure 2: Set-up of the shear compression test 
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3.2 Loading protocol 
The in-plane cyclic loading was displacement-controlled to capture the accumulated damage 

in the wall and to enable the detection of the failure mechanism. The loading protocol adopted 
for all test, shown in Figure 3, follows the guidelines provided by FEMA 461 [11]. The loading 
history consisted of repeated cycles of step-wise increasing deformation amplitudes. Three 
cycles were completed for each amplitude.  

.  

Figure 3: Cyclic loading protocol for the shear compression test  

4 EXPERIMENTAL RESULTS 

4.1 Failure modes 
Figure 4 shows the crack pattern at the end of the test of each specimen. It is noted that data 

on specimen LDB-TRM (LDB_2) are disregarded due to technical problems experienced by 
the loading system during this test.  

The crack patterns evidence that all the specimens experienced shear failure. Damage in 
unreinforced specimens was characterised by a stair-step cracking mainly developed through 
the mortar joints and by tensile splitting of some units. The crack pattern of specimen URM_1 
only shows one diagonal crack because the test was not continued beyond the development of 
this first crack. The load capacity of theses specimens shows significant scattering probably due 
to the variation of the mechanical properties of the masonry components. 

The repaired and retrofitted specimens and the just retrofitted specimens showed also 
diagonal cracks developed from the centre of the panel with severe damage occurring in the 
region where the two cracks intersected. 

The repaired and retrofitted specimens showed a more diffuse crack pattern in the centre of 
the panel compared to the just retrofitted one. The LDB grid in the former case had to withstand 
more displacement cycles, starting at early stages of the test, because of the re-opening of the 
repaired cracks. The cracks re-opening transferred the tensile stress to the LDB grid, causing 
the spalling of the mortar and thus the diffuse crack pattern. Despite this particular feature, the 
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specimens retrofitted with LDB evidenced a more homogeneous response in terms of crack 
pattern and lateral load capacity compared with the unreinforced ones. 

 

 
Figure 4: Crack patterns at the end of the test: a) unreinforced wall URM_1, b) unreinforced wall URM_2, c) 

wall repaired and retrofitted with LDB, URM1_R, d) wall repaired and retrofitted with LDB, URM2_R, e) wall 
retrofitted with LDB. 

No toe-crushing in compression was observed in any of the specimens during the test and 
up to the largest displacement amplitude attained. 

Debonding was detected close to the corners of the specimens where the load was applied. 
Such debonding, however, was a local phenomenon induced by the metallic plates through 
which the cyclic load was applied and did not interfere on the attained load or deformation 
capacities. 

4.2 Force-displacement curves 
Figure 5 shows the experimental force-displacement curves under cyclic in-plane loading. 

The experimental force-displacement envelopes are derived from the hysteretic curves and 
constructed by connecting the peak force at the first cycle of each displacement amplitude. The 
positive direction is the direction in which the horizontal hydraulic actuator pulls the specimen, 
whereas the negative one is the direction in which the actuator pushes the specimen ( Figure 2). 

The experimental curves are characterized by an initial linear branch corresponding to the 
undamaged behaviour of the structure. At the onset of cracking, and with the development of 
damage and energy dissipation, the response becomes non-linear, as evidenced by the force-
displacement envelope, while at the same time wider hysteretic loops are observed. The 
hysteretic loops widen progressively as the residual strength decreases until failure. Among the 
unreinforced specimens, the wider hysteretic loops were seen in URM_2 (see Figure 5 b) in 
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correspondence with the more severe damage observed in it during and after the test, Figure 4 
b. However, and after repair and testing, the same specimen URM2_R showed a more ductile 
and progressive damage than its pair URM1_R. 

The repaired and retrofitted walls showed a moderated improvement in lateral load-bearing 
capacity. However, the peak loads were reached at a larger displacement compared with the 
unreinforced ones. Consequently, their global behaviour showed larger deformation capacity 
and ductility, as seen in Figure 5. The just retrofitted specimens showed a significant increment 
in both lateral-load bearing and deformation capacity, evidencing the effectiveness of the 
reinforcement system. 

Table 1 summarizes the main parameters of the force-displacement experimental curves for 
both directions. The cracking load 𝐻𝐻𝑐𝑐𝑐𝑐 is the one recorded when the first cracks became visible. 
The peak load 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 is the one corresponding to the maximum lateral load attained. The 
ultimate load 𝐻𝐻𝑢𝑢 is derived from the bilinear idealization as discussed in the following section. 

Table 1: Experimental first crack and peak loads. Ultimate load obtained for the bilinear idealization.  

Specimen 
First crack load [kN] Peak load [kN] Ultimate load [kN]  Hcr / Hmax   Hu / Hmax (-) 

 Hcr (-)  Hcr (+)   Hmax (-)  Hmax (+)   Hu (-)  Hu (+)  (-)  (+) (-)  (+) 

URM_1 -114.46  -  -192.38 150.7 -176.02  -  0.59  -  0.91  -  
URM_2 -102.31 104.96 -162.29 151.56 -154.22 146.37 0.63 0.69 0.95 0.97 
URM1_R -120.70 126.05 -175.09 180.08 -161.53 174.42 0.69 0.70 0.92 0.97 
URM2_R -142.20 132.44 -194.56 167.88 -181.99 162.87 0.73 0.79 0.94 0.97 
LDB_1 -135.84 146.19 -213.10 207.16 -195.95 202.80 0.64 0.71 0.92 0.98 

4.3 Bilinear idealization 
The bilinear idealization is a simplified approach used in the study on the in-plane seismic 

response of masonry walls. The idealization permits the determination of the response spectra 
in a way similar to linearly elastic systems [3,4]. It this also used in the computation of the 
ductility [12]. 

The bilinear approximation of the experimental envelope curves was obtained as described 
in Figure 6. First, the cracking point was identified along with the peak load. The ultimate 
displacement 𝛿𝛿𝑢𝑢 was defined as the displacement at which the lateral strength had dropped to 
80% of 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚. If such a large drop was not attained, the largest displacement reached during the 
test was taken as 𝛿𝛿𝑢𝑢. The ultimate strength 𝐻𝐻𝑢𝑢 is defined as the maximum load o the bilinear 
idealization and is calculated taking into account the energy dissipation capacity of the 
experimental envelope curve. The ultimate strength is determined so as to produce a bilinear 
curve enveloping the same are below as the experimental curve up to 𝛿𝛿𝑢𝑢. For the present 
application, the bilinear idealization was calculated for both positive and negative directions. 
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Figure 5: Force-displacement hysteresis curves and envelope curves of tested walls: a) unreinforced wall 

URM_1, b) unreinforced wall URM_2, c) wall repaired and retrofitted with LDB, URM1_R, d) wall repaired 
and retrofitted with LDB, URM2_R, e) wall retrofitted with LDB (LDB_1). 
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Table 1 shows the ratio 𝐻𝐻𝑐𝑐𝑐𝑐 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚⁄  which on average is equal to 0.69 (CV 8%). This value 
is consistent with Eurocode 8 [3] and the proposal of Tomaževič [13] and Magenes and Calvi 
[12] for the bilinear idealization of the hysteretic behaviour of the wall, which propose a 
𝐻𝐻𝑐𝑐𝑐𝑐 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚⁄  value equal to 0.7. However, the ratio 𝐻𝐻𝑢𝑢 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚⁄  yields a higher value than 0.9, 
which is the value proposed by the aforementioned authors. The value of the ratio for all the 
tests is on average equal to 0.95 (CV 3%). 

 

 
Figure 6: Example of bilinear idealization. 

Table 2 and Table 3 show the main limit states analysed following [14,15] in terms of 
displacement and drift. The aforementioned authors considered five limit states. The 
displacement at cracking point 𝛿𝛿𝑐𝑐𝑐𝑐 corresponds to the displacement for which a load equal to 
70% 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 is attained. The displacement at yielding 𝛿𝛿𝑦𝑦 is associated with the ultimate load 𝐻𝐻𝑢𝑢. 
The maximum displacement 𝛿𝛿𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 corresponding to the peak load associated to the SD limit 
state defined by the codes. The ultimate displacement 𝛿𝛿𝑢𝑢 corresponds to the displacement for 
which the reduction of the lateral strength is 20% and is associated to the NC limit state 
introduced by the codes. In addition, [14,15] defines a collapse displacement 𝛿𝛿𝑐𝑐 as the one 
corresponding to ta drop of the lateral strength of 50%. 

EC8 [3] defines two main limit states corresponding to Significant Damage (SD) and a 
ultimate limit state associated with  Near Collapse (NC). For unreinforced masonry walls failing 
in shear mode, the limit drifts corresponding to the SD and NC states are set to 𝜃𝜃𝑆𝑆𝑆𝑆 = 0.4% 
and 𝜃𝜃𝑁𝑁𝑁𝑁 = 0.5% respectively. The Italian standard NTC2018 [4] defines a Ultimate Limit State 
(SLU), equivalent to EC8’s NC state, for which the drift limitation is equal to 𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆 = 0.5%. 

When compared with the limit drifts defined by EC8 [3] and the Italian code [4], it is 
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observed that both standards underestimate the deformation capacity of the unreinforced tested 
walls by 50%. The average value of drift obtained in the experimental test, considering both 
directions, for the URM specimen for the SD and NC limit states are 0.8% and 1.1% 
respectively.  

Table 2: Experimental displacements corresponding to different damage levels.  

Specimen 
Cracking displ. 

[mm] 
Yielding displ. 

[mm] 
Max displ. [mm] Ultimate displ. 

[mm] 
Collapse displ. 

[mm] 
δcr (-) δcr (+) δy (-) δy (+) δHmax (-) δHmax (+) δu (-) δu (+) δc (-) δc (+) 

URM_1 -5.55 - -8.53 - -10.89 8.94 -14.16 - -14.16 - 
URM_2 -5.56 5.51 -8.38 7.68 -10.90 10.91 -13.95 12.26 -14.18 14.17 
URM1_R -4.08 6.25 -5.45 8.65 -14.26 14.25 -15.99 17.07 -18.54 19.34 
URM2_R -5.62 7.82 -7.19 9.62 -11.01 14.23 -21.71 17.86 -26.59 21.75 
LDB_1 -5.61 7.81 -8.09 10.83 -14.22 14.17 -17.89 19.1 20.46 21.75 

 
Table 3: Experimental drift values corresponding to different damage levels. 

Specimen 
Cracking displ.  

[mm] 
Yielding displ. 

[mm] 
Max displ. [mm] Ultimate displ. 

[mm] 
Collapse displ. 

[mm] 
 θcr (-)  θcr (+)   θy (-)  θy (+)   θHmax (-)  θHmax (+)   θu (-)  θu (+)   θc (-)  θc (+)  

URM_1 -0.4%  -  -0.7%  -  -0.9% 0.7% -1.1% - -1.1%  -  
URM_2 -0.4% 0.4% -0.7% 0.6% -0.9% 0.9% -1.1% 1.0% -1.1% 1.1% 
URM1_R -0.3% 0.5% -0.4% 0.7% -1.1% 1.1% -1.3% 1.3% -1.5% 1.5% 
URM2_R -0.4% 0.6% -0.6% 0.8% -0.9% 1.1% -1.7% 1.4% -2.1% 1.7% 
LDB_1 -0.4% 0.6% -0.6% 0.9% -1.1% 1.1% -1.4% 1.5% -1.6% 1.7% 

5 CONCLUSIONS 
- The application of a bidirectional basalt grid (LDB) improved the in-plane response of 

the masonry walls in terms of load-bearing capacity and deformation capacity. When 
compared with the reference unreinforced ones, the retrofitted walls showed a 
significantly more ductile behavior with larger lateral displacement and consequently 
greater deformation capacity. 

- The reinforced walls showed a more homogeneous response characterized by very 
similar crack patterns, failure modes and load capacities. By comparison, the 
unreinforced ones showed results that are more scattered in terms on lateral load-
bearing capacity. 

- The scuci-cuci and retrofitting intervention applied to the previously damaged walls, 
attained a satisfactory repair with full recovery of the initial load-bearing capacity. 

- The application of the current codes has led to a significant underestimation of the 
deformation capacity shown by the tested walls. The underestimation is of 50% for the 
unreinforced walls. 
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