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Abstract. The paper presents the experimental investigation carried out on wall specimens reproducing the 
ancient masonry of several monumental building located in the old city centre of L’Aquila (Italy) and dam-
aged by the April 2009 earthquake. The wall specimens were prepared in accordance with the traditional 
technique, using original stone elements and typical poor mortar. Subsequently, the specimens were con-
solidated with mortar injections. Other specimens were also reinforced with Ultra High Tensile Strength 
Steel wires applied as coating technique (not wrapped). Shear-compression tests were carried out on the wall 
specimens to evaluate the effects of the reinforcements both in terms of final stiffness and strength of the 
specimens. A non-linear Finite Element Model (FEM) was developed to reproduce the experimental tests 
and to better understand the damage phenomena. The load-displacement curves predicted by the FEM com-
pared quite well with the experimental ones. The failure mode of the specimens was properly captured by the 
FEM. The effectiveness of the external reinforcement was proved to strictly depend on the coating adhesive-
ness to the walls surface. The premature debonding of the external reinforcement was demonstrated to cause 
the fragile post-peak behaviour during both the actual experimental test and the numerical simulations. 
Keywords: historical masonry, retrofitting, UHTSS wire, debonding failure mode, experimental tests, FEM 
analysis.
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Introduction 

L’Aquila is a medieval walled city (13th century) located 
in the Abruzzo Region (central Italy) and rich in his-
torical buildings of considerable merit. In April 6, 2009 
a devastating earthquake (Richter magnitude ML = 5.8; 
Moment magnitude MW = 6.2) hit the town and many 
surrounding villages, causing hundreds of fatalities, 
thousands of injuries, extensive and severe damages to 
buildings and infrastructures (Chiaraluce et al. 2009; 
Ameri et al. 2009; Chioccarelli et al. 2009). Historical 
masonry buildings suffered from very heavy damages, 
their global collapse being in most cases avoided by 
tie and rods, anchor plates and other simple but ef-
fective earthquake-resistant presidium present due to 

the historical seismic nature of the land (Ceci et  al. 
2010). However, poor connections among orthogonal 
masonry walls, reduced floors stiffness, wrong mass 
distribution and absence of restraints to out-of-plane 
wall mechanisms were recognized as the causes for 
collapse of most masonry buildings (Dominici et al. 
2011, 2012, 2014). Most of these buildings are charac-
terized from a similar masonry typology, the physical 
and mechanical properties of which start now to be 
properly investigated. The present research deals with 
the experiments curried out on wall specimens repro-
ducing the original wall texture recognized in Palazzo 
Camponeschi (XVI century). The original materials 
and constructive techniques adopted in this research 
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are representative of a large number of ancient con-
struction types spreading in the old city centre and in 
the whole surrounding territory.

1. Palazzo Camponeschi features

Palazzo Camponeschi is a monumental masonry 
building standing in the old city centre of L’Aquila. 
The original building plan probably dates before the 
16th century, but several modifications to the original 
building structure were introduced in the following 
centuries (Fig. 1). 

From an architectural point of view, a general 
description of the building is provided in Ceci et al. 
(2010) and in Dominici et al. (2014). From a structural 
viewpoint, Palazzo Camponeschi’s original resistant 
system consists of vertical masonry walls composed 
of irregular stone units and poor lime-clay mortar 
joints. Large inclusions of bricks or other low-quality 
materials are found in the masonry volume, so that a 
chaotic masonry texture is generally recognized in the 
building (Fig. 2). 

Moreover, massive walls of the ancient masonry 
buildings often consist of two external layers (made of 
poor quality stone masonry) and a weak internal core 
(of various thickness) made of debris, rubble and soil 
introduced as filling material. The resisting part of this 
multilayer system is represented by the two outside 
layers; these two external panels often work indepen-
dently of each other due to the lack of interconnection 
through the wall thickness. Because of this, in situ me-
chanical tests performed on multilayer masonry walls 
often provide the properties of the external layers only. 

For instance, the effective wall thickness investigated 
with a flat jack apparatus is usually limited in the range 
of few hundred millimetres. Performing an in situ di-
agonal test represents the only option to investigate the 
mechanical performance of a masonry wall referring 
to its global thickness. Although this technique pro-
vides highly reliable results, it is not frequently used 
in situ. This is due to the high cost, the practical dif-
ficulties involved, and the extensive damage caused to 
the original wall. On the other hand, diagonal tests are 
often preferred for laboratory investigations, most of 
the time on wall panels made of bricks and regular 
mortar layers for which standards already exist about 
the specimen preparation and the test execution (EN 
1052-3:2007). Unfortunately, no standards exist about 
mechanical tests on laboratory masonry wall samples 
made of irregular stone elements distributed in a cha-
otic texture. 

Fig. 2. Chaotic masonry texture made of irregular stone units, 
poor lime-clay mortar and large inclusions of bricks

Fig. 1. Building date of constituent parts of Palazzo Camponeschi’s aggregate, also including the old Jesuit’s Church (on the left); 
rendering of Palazzo Camponeschi (on the right)
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In this paper, the laboratory tests carried out on 
wall specimens reproducing the historical masonry 
texture of Palazzo Camponeschi are presented. The 
experimental set-up, the specimens preparation, the 
test execution and the preliminary results obtained are 
critically discussed in the following paragraphs.

2. Materials and settings

Several wall specimens about 500 mm long, 500 mm 
high and 300 mm thick were prepared with the origi-
nal limestone elements and the constructive techniques 
recognized in Palazzo Camponeschi. The average di-
ameter of the stone elements was in the 120–150 mm 
range. The original mortar features (characterized by 
being very friable with a compressive strength lower 
than 2 MPa) were reproduced according to the 1:2.5 
ratio between commercial calcium hydroxide (in pow-
der) and local, crashed limestone sand including large 
clay percentage. Water was added to the mortar mix-
ture till a plastic consistency was reached. The original 
wall texture in Palazzo Camponeschi and that repro-
duced with the laboratory wall specimens are com-
pared in Figure 3. 

A first wall specimen (referred to as the proto-
type) was prepared and kept undisturbed for a cur-
ing period of about 30 days, so allowing the mortar 
to hard in the air (at room conditions). Subsequently, 
the prototype specimen was tested in compression and 
a compressive strength value of about 0.6 MPa was 
recorded. This performance was considered in good 
agreement with data provided by D.M. 14/1/2008 and 

by Circolare 614/2009 for a similar masonry typology 
(irregular stone elements and mortar layers in a cha-
otic texture). 

Additional four wall specimens were then pre-
pared and cured in accordance with the aforemen-
tioned procedure. Due to the very low mechanical 
performance of the basic masonry, any sort of activity 
like transportation and storage on the wall specimens 
was considered dangerous for the specimens integrity. 
Bare masonry specimens were thus considered un-
suitable for the test and it was assumed that all the 
specimens had to be, at least, consolidated with mortar 
injection. For this reason, the original mortar joints 
were previously brushed, deeply cleaned and closed 
up with new mortar. Subsequently, the wall specimens 
were consolidated with injections of a liquid mixture 
made of cementitious materials and other fillers. The 
mortar recipe remained secret for commercial reasons. 
Two of the four already injected wall specimens were 
reinforced later on with a fabric made of Ultra High 
Tensile Strength Steel wires (UHTSS) applied, as coat-
ing technique, on the 500 × 500 mm external surfaces 
of the specimens (Fig. 4b). On each side of the wall 
specimens, the outer reinforcement resulted in a single 
sheet of UHTSS fabric embedded in a mortar layer 15 
mm thick. The mechanical behaviour of wall speci-
mens consolidated with mortar injections and also re-
inforced with UHTSS fabric was compared to that of 
the masonry wall specimens consolidated with mortar 
injections only. Both types of retrofitting techniques 
(mortar injection only or in combination with external 
reinforcement) are extensively used in current practice. 

Fig. 3. The original texture of the masonry wall in Palazzo Camponeschi (a) and laboratory wall specimens reproducing it (b)

a) b)
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Nominal and final dimensions of the wall speci-
mens (before and after the application of the external 
reinforcement) are displayed in Table 1. Compared to 
nominal dimensions, a slight increase in thickness re-
sulted from the application of the external reinforce-
ments. Due to the irregularity of the original stone 
elements, additional operations were needed to make 
the sides of the specimens perfectly regular and plane 
before performing the mechanical tests. This deter-
mined small differences between nominal and final 
dimensions of the specimen length and height. 

2.1. Wall specimens reinforced with UHTSS

The UHTSS consists of a unidirectional ultra-high ten-
sile strength steel sheet made of high carbon steel cords 
with a micro-fine zinc galvanized coating. The cords are 
made by five individual wire filaments twisted togeth-
er and fixed on a thermosetting grid. A photo of the 
UHTSS is given in Figure 4a. Geometrical and mechan-
ical properties of the UHTSS have been determined ac-
cording to the UNI and ASTM standards as indicated 
in CNR DT 200/204: 2004 and are provided in Table 2.

In this study, a premixed lime-based mortar was 
used to encase the UHTSS on both sides of the speci-
mens. A single sheet was arranged with cords oriented 
in the vertical direction. The reinforcing sheet was not 
wrapped around the specimens but just interrupted at 

the edge of the reinforced sides. No transversal con-
nection was placed across the thickness of the wall 
specimens, so avoiding any sort of confining effect. 
The final thickness of the wall specimens reinforced 
with UHTSS was about 330 mm (Fig. 4b).

3. Testing apparatus and loading protocol

Shear-compression tests were performed on walls 
specimens using the testing apparatus showed in 
Figure 5. It consists of a couple of rigid steel plates, 
measuring 30 mm in thickness and mounted around 
the wall specimen to reproduce a shear box. A vertical 
actuator was used to impose the axial load N to the 

Table 1. List of wall specimens tested

Specimens #

Nominal dimensions (mm)
(before the application of the 

reinforcement)
Reinforcement type

Final dimensions after the 
reinforcement application

(mm)

Thickness Length Height Internal External Thickness Length Height

1 300 500 500 Mortar injection – 300 500 500

2 300 500 500 Mortar injection – 310 550 560

3 300 500 500 Mortar injection UHTSS 330 540 545

4 300 500 500 Mortar injection UHTSS 335 535 505

Fig. 4. Photo of the Ultra High Tensile Steel Sheets (UHTSS): detail of the high carbon steel cords with a micro-fine zinc 
galvanized coating (a); Schematic of the position of the outer reinforcement in UHTSS (b)
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Table 2. Geometrical and mechanical properties of the UHTSS

Filament area 0.1076 mm2

Effective area of one cord (5 filaments) 0.538 mm2

Average number of cord found in a cm  
of sheet

4.72

Sheet weight (thermosetting grid 
included) 

2020 g/m2

Sheet equivalent design thickness 0.254 mm

Ultimate load of one cord 1517 N

Sheet ultimate tensile strength 2820 MPa

Elastic modulus 190 GPa

Ultimate strain 1.50 %
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specimen. To ensure a good contact among the rigid 
steel plates and the horizontal bases of the wall speci-
men, fluid cement mortar was previously distributed 
on the contact surfaces. The proper diffusion of the 
vertical load N was ensured by two rigid apparatuses 
mounted on top of the upper plate and below the bot-
tom one respectively. A second actuator was used to 
apply a horizontal shear force T at mid height of the 
wall specimen. The central portion of the specimen 
was so forced to slide with respect to the upper and 
lower portions, which are restrained by the vertical 
sides of the steel plates (Fig. 5).

The shear-compression test was carried out in 
two separate steps. In the first step the vertical load 
N was gradually applied up to the final value of about 
27.5 kN. This value for N represented about 1/3 of the 
maximum load-carrying capacity previously recorded 
during the compression test carried out on the proto-
type wall specimen. In the second step, the horizon-
tal actuator was set to move at the constant speed of 

1.5 mm/min, causing the central part of the wall speci-
men to slide with respect to the upper and lower parts 
(Fig. 6). While the sliding took place, the axial load 
N was kept constant, and the current shear load val-
ues T were recorded together with the displacements.  

Fig. 5. Photo of the testing apparatus (a); Schematic and main dimensions (in mm) (b); Detail of one of the horizontal LVDT, 
fixed to the restrained bottom plate and pointing to the actuator head plate (c). A second LVDT is mounted  

on the other side of the specimens
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Fig. 6. Photo of a wall specimen the central portion of which 
is sliding with respect to the upper and lower parts
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The shear forces T were detected by a 300 kN loading 
cell with the precision of 0.1 kN. The relative displace-
ment between the central portions of the specimens 
and the lower part were measured with a couple of 
LVDTs mounted on both sides of the wall specimens 
(Fig. 5b, c) and characterized by an accuracy of 1/100 
mm: the average of the two measurements has been 
considered. 

4. Experimental results and discussion

Figure 7 plots the values of the shear force T versus 
the relative displacement recorded between the central 
portions of the specimens and the lower part. The solid 
black curves refer to the wall specimens consolidated 
only with mortar injections. These curves exhibit a 
first, almost linear branch; a subsequent softening 
behaviour; and a final plastic horizontal tail. The two 
specimens reached the maximum shear force of about 
65 and 75 kN respectively for a relative displacement 
value of about 10 mm, showing some small differences 
in stiffness. After the peak strength was attained, both 
specimens showed a plastic behaviour. The maximum 

shear force recorded from the specimens remained 
constant even at relative displacements of 35 mm and 
over. Unfortunately, one of the tests had to be stopped 
earlier (at 17 mm) due to technical problems.

The solid red curves refer to walls specimens con-
solidated with mortar injection and reinforced with 
UHTSS. Compared to the unreinforced specimens, 
the use of external reinforcements provided much 
higher strength and stiffness. The two wall specimens 
reinforced with UHTSS reached the maximum shear 
strength values of about 125 kN and 140 kN respec-
tively. Since these shear peak values were recorded at 
the relative displacements of about 3 mm, wall speci-
mens reinforced with UHTSS resulted to be about six 
times stiffer than the unreinforced wall specimens.

The post-peak behaviour of the specimens re-
inforced with UHTSS was characterized by a long 
softening branch, with the shear force quickly reduc-
ing towards a residual final value. This residual shear 
strength value was found to be similar to the maxi-
mum shear strength measured on masonry wall speci-
mens consolidated with injection and not reinforced 
outside. This mechanical behaviour of the specimens 
reinforced with UHTSS was found to depend on the 
progressive delamination process occurring in the out-
er reinforcement. Once the maximum shear strength 
of the reinforced specimens is reached, the outer rein-
forced layer starts detaching from the wall becoming 
progressively more and more unstable in their plane. 
At the end of this process, when the reinforced layer is 
completely lost on both sides of the specimen (Fig. 8), 
the strength capacity of the specimen approaches the 
corresponding value of the unreinforced specimen. 

Fig. 7. Shear load vs. horizontal relative displacements 
recorded during the experimental tests

Fig. 8. External reinforcements delaminated from wall specimens
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5. Numerical simulations

5.1. Presentation of the model

In order to reproduce the experimental tests and to 
better understand the debonding failure mechanism 
of the external reinforcement, a nonlinear Finite Ele-
ment Model (FEM) was implemented in ANSYS code 
v.13.0. The model is shown in Figures 9a and 9b, where 
the masonry specimen is represented in cyan, the test-
ing apparatus in purple, and the mortar of the external 
reinforcement in green colour. 

Solid 185 type (three-dimensional eight nodes 
isoparametric) elements have been used to schematize 
the masonry and testing apparatus. Since the experi-
mental failure mechanism occurred due to the sliding 
of the central part of the specimen with respect of the 
upper and lower parts, the specimen was divided into 
three parts separated by two sliding surfaces. The bond 
between the three parts was modelled through con-
tact plane elements (Targe 170, Conta 174) placed at 
their interfaces (Fig. 9c). Using these elements, several 
contact laws can be assumed. In this case, a bilinear 
cohesive law was assumed, allowing the separation 
and the slip of the contact surfaces in accordance with 
the bilinear model plotted in Figure 10. In this model 
σ and τ are the normal and the shear contact stress 
respectively, u and δ are the contact gap and the tan-
gential slip between the two planes. The constitutive 
interface model shows a first linear loading behaviour 
that is followed by linear softening branch, meaning 
that when the maximum normal contact stress σn is 
achieved, a separation begins. This separation is com-
pleted when the contact gap reaches un. Similarly, 
when the shear stress τf is achieved, delamination oc-
curs and ends when the relative displacement reaches 
δf, for which the shear stress is zero. The areas Gn and 
Gf in Figure 10, defined as the critical fracture ener-

gies, represent the amount of energy released during 
the separation and the delamination phenomena. The 
variables u1 and δ1 are determined from the elastic 
properties (the Young’s modulus E and the Poisson’s 
ratio ν) of the material. 

The three parts of the specimen were regarded as 
elastic because all nonlinear behaviour, due to failure 
mechanism, was concentrated on the sliding surfaces. 
Table 3 reports the values selected for E and ν. The 
choice of the most appropriate value of E was based 
on compressive strength of unreinforced specimen and 
on an Italian standard recommendations (Circolare 
617/2009). The Italian standard suggests, for a simi-
lar masonry typology, a minimum values of compres-
sive strength and Young’s modulus respectively of fc = 
1.00 MPa and E = 690 MPa. Since the measured com-
pressive strength of specimen was fc = 0.6 MPa, less 
than the Italian standard minimum value, it was pos-
sible to assume for the masonry of the unreinforced 
specimen E = 500 MPa. For the specimen reinforced 
with mortar injection it was assumed fc = 1.2 MPa and 
E = 1000 MPa, because the Italian standard suggests 
an amplificatory factor of 2 for the mechanical prop-
erties of the masonry reinforced with this technique.  

Fig. 9. FEM of the unreinforced wall specimen (a); FEM of UHTSS reinforced specimen (b); contact plane elements at the 
interfaces of the three parts of the wall specimen (c)

a) c)b)

Table 3. Elastic parameters

Wall specimen

Young’s modulus E 1000 MPa

Poisson’s ratio ν 0.2

Wall specimen elements near the sliding surface

Young’s modulus E 500 MPa

Poisson’s ratio ν 0.2

Testing apparatus elements

Young’s modulus E 210000 MPa

Poisson’s ratio ν 0.2
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The elements near the sliding surfaces, represented in 
blue colour in Figure 9a, had E = 500 MPa to account 
for the cracking phenomenon of the mortar joints 
where the sliding occurred, according to experimental 
evidence (Fig. 6).

The elements of testing apparatus had also an 
elastic behaviour, with the mechanical properties of 
steel.

The bond-separation and bond-slip relationships 
are defined by σn, Gn, τf and Gf (Fig. 10). The value 
assigned to σn was 0.12 MPa, equal to the masonry 
tensile strength calculated as ft = 0.1fc, and a low value 
of 0.01 N/mm was assigned to Gn in order to confer a 
brittle separation behaviour.

The value of τf was evaluated as it follows. A mean 
value of maximum shear forces Tmax equal to 70 kN 
was measured in the two specimens reinforced only 
with mortar injection: this force was applied to the 
central part of specimen and transferred to the upper 
and lower parts through the two contact surfaces. Each 
surface transferred a force of Tmax/2 = 35 kN. The area 
A of the surfaces was 1620 cm2. Since it was observed 
that the upper part of the specimen was lifted up dur-
ing the test, it was assumed that the contact area was 
the 95% of A: so the calculated value of τf is:

                 max 0.23MPa.
2 0.95

τ = =
⋅ ⋅f
T
A

 (1)

The experimental load-displacement curves show 
a long horizontal portion after the maximum force, so 
the value assigned to Gf was very high, equal to 60 N/
mm.

The mortar of the outer reinforcement (the plas-
ter) was modelled by means of Solid 65 elements. A 
non-linear behaviour defining a Drucker-Prager (DP) 
yield criterion (Drucker, Prager 1952) can be assigned 
to this type of element. This criterion defines the elastic 
limits of the material under combined states of stress. 
It consists of a domain in the principal stress space, 
that is delimited by a surface. The DP surface has a 

shape of cone with right meridians (Fig. 11): when the 
stress state reaches the DP surface, plastic deformation 
occurs with constant stress level.

The material parameters required to define the 
DP yield surface are the cohesion c, the internal fric-
tion angle ϕ and the flow angle η. c and ϕ are related to 
the mortar uniaxial tensile strength ft and the uniaxial 
compressive strength fc as it follows:

 
;=

−
c t

c t

f f
c

f f  
(2)

 

1Sin ,−  −
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c t

c t

f f
f f  
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while η it is generally assumed equal to 0.5·ϕ.
The mechanical properties of the mortar (Table 4) 

were derived from a technical report provided by the 
manufacturer, where the results of experimental tests 
for flexural and compressive strength were reported. 
According to the Italian standard (D.M. 14/1/2008), 
the tensile strength was calculated from flexural tensile 
strength as it follows:

 
2.58 MPa.

1.2
= =ft

t
f

f
 

(4)

Table 5 reports the DP parameters calculated with 
the value of mortar tensile strength and compressive 
strength.

The UHTSS was modelled by plane elements 
Shell 181 (isoparametric two-dimensional elements 

Fig. 10. Bilinear cohesive laws adopted for the separation and the sliding behaviour

Fig. 11. Drucker-Prager surface in the principal stress space
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with four nodal points), with equivalent thickness 
t = 0.254 mm: the material assigned was orthotropic 
linear-elastic, with E = 190000 MPa for the fibre direc-
tion and E = 0 for the other direction. The shell ele-
ments were attached to the internal face of the solid 
elements of the mortar panels.

The bond between mortar and masonry was al-
ways modelled through Targe 170 e Conta 174 ele-
ments with a bilinear cohesive law: in this case only 
the bond-slip behaviour was considered. The values 
assigned to τf and Gf are reported in Table 6: they 
were calibrated to reproduce three direct shear tests 
described in the manufacturer’s report. The tests 
were performed on specimens composed of a single 
clay brick acting as the masonry substrate, externally 
strengthened with steel cord embedded in the mortar 
(Fig. 12). The aim was to investigate the bond behav-
iour of the reinforcement system with the masonry.

The tests were reproduced using the analytical 
solution presented in Yuan et al. 2004, in which the 
bi-linear cohesive law is employed for the prediction 
of the entire debonding propagation process in a shear 
test of a plate-to-substrate bonded joint. By assuming 
an infinitely rigid support; by assigning to the plate 
width b, the thickness t and the bonded length L the 
corresponding values of the UHTSS in the test (b = 
65 mm, t = 0.084 mm, L = 200 mm); and by defining 
the bi-linear cohesive law with the following bond-slip 
parameters:
	 τf = 0.8 MPa , Gf = 1.5 N/mm.

The numerical solution provided a force-displace-
ment curve of the shear test that was in good agree-
ment with the experimental curves (Fig. 13). 

For the definition of the bond-slip parameters of 
the plaster masonry interface of the model, the value 
of the maximum shear stress τf was halved to account 
for the presence of the mortar joints on the masonry 
support surface (Fig. 6) and to account that the bond 
on stone is smaller than on clay brick, as pointed out 
by De Felice et al. 2014, where the results of direct 
shear tests of specimens composed of clay bricks and 
of stone elements are reported.

Table 6. Bond-slip model parameters of plaster-masonry 
interface

Bond strength τf 0.4 MPa

Interfacial fracture energy Gf 1.5 MPa

Fig. 12. Direct shear test described in manufacturer’s report (a); failure mode of a test (b)

Table 4. Mechanical properties of the mortar

Young’s modulus E 9451.27 MPa

Uniaxial compression strength fc 10.47 MPa

Flexural tensile strength fft 3.10 MPa

Table 5. Material parameters assigned to the plaster

Young’s modulus E 9451.27 MPa

Poisson’s ratio ν 0.2

Cohesion c 1.79 MPa

Friction angle ϕ 52.30°

Flow angle η 26.15°

a) b)
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The nonlinear analysis was carried out in two 
phases: in the first phase a uniform pressure was ap-
plied on the horizontal upper plate of the apparatus 
to represent the vertical load; in the second phase, the 
displacement of the horizontal actuator (represented 
by the cylinder element) was gradually increased in x 
direction from 0 mm to 20 mm, while the remaining 
parts of the apparatus remained constrained (Fig. 14). 
At each step, the value of the reaction force T along 
the x direction resulting from the applied displacement 
was computed and recorded. The nonlinear system 
of equations was solved by an incremental Newton-
Raphson method.

5.2. Nonlinear analysis results

Figures 15 and 16 show the load-displacement curves 
resulting from the analysis of the specimen reinforced 
with mortar injection only and in combination with 

UHTSS, respectively. A good numerical-experimental 
agreement can be noticed: the maximum shear force 
and the displacements compare quite well. The numer-
ical analyses stopped due to convergence problems. 
The curves are characterized by a loss of stiffness when 
sliding begins. Figure 17 shows the contour of the con-
tact shear stress along the interfaces among the three 
parts of the unreinforced wall specimen. Sliding began 
when the shear stress reached the value of 0.230 MPa: 
the blue zones, where stress values are close to zero, are 
the detachment areas due to normal separation of the 
surfaces. The maximum load was reached when the 
shear stress attained τf over the entire contact surfaces. 

The model of the UHTSS reinforced specimens 
revealed that the failure mechanism of the reinforce-
ment was its loss of adhesion from the wall specimen. 
Debonding started near the steel plate transferring 
the load and near the vertical supports (red areas in 
Fig. 18a). Debonding zones gradually increased with 
shear load, until almost all the mortar-masonry in-
terface reached the contact shear stress τf = 0.4 MPa 
(Fig. 18c). 
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Fig. 14. Displacements and constraints applied to the nodes  
of the model

Fig. 15. Nonlinear analysis results from FEM reproducing 
walls specimen reinforced with mortar injections only:  

load-displacement curve compared to experimental curves

Fig. 16. Nonlinear analysis result from FEM reproducing 
specimen reinforced with mortar injections and UHTSS:  

load-displacement curve compared to experimental curves
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The model also showed that the external reinforc-
ing layers remains nearly undamaged and the debond-
ing phenomenon occurs before the UHTSS nets could 
actively participate. In conclusion, through the FEM 
model, it was possible to confirm the results of the ex-
perimental tests.

Conclusions

The present research investigates the behaviour of ma-
sonry panels subjected to shear-compression loads. 
Laboratory tests were performed on historical ma-
sonry wall specimens prepared in accordance with 
the original materials and constructive technique, 
then strengthened with injections of special mortars 
and with UHTSS applied as outer reinforcement. A 
comparison between numerical simulations and ex-
perimental results was carried out to better under-
stand critical features of the strengthening techniques. 
Wall specimens reinforced with mortar injections only 
reached their maximum shear response after large dis-
placement, and showed an almost perfectly plastic be-
haviour up to relative displacements of several dozens 
of millimetres. Compared to wall specimens not rein-
forced outside, the behaviour of the wall specimens re-
inforced with UHTSS was characterized from a much 

higher shear peak response and from similar residual 
shear values. Reinforcing plaster made with UHTSS 
delaminated from the masonry substrate and remained 
undamaged, causing a post-peak softening behaviour. 
Similar response was recorded also from numerical 
simulations . For this reason, higher structural bond 
between the external fibre composites reinforcements 
and the masonry substrate would be suitable in order 
to improve the reinforcement effectiveness. On the 
other hand, introducing lighter fabrics characterized 
from weaker fibres and larger net openings would help 
improve bond of the outer reinforcement to the ma-
sonry substrate and would improve both the damage 
spread and the energy dissipation process through the 
applied reinforcement. In the practice, the reinforcing 
fabrics are often applied to masonry walls with trans-
versal connections to lock them that, in any case, give a 
contribution to the beneficial effects mentioned above. 
The use of these connections has been intentionally 
avoided in this study, so as to investigate the efficiency 
of the external reinforcement only. In the future, new 
experiments and FEM simulations will be carried out 
to demonstrate the main features of the reinforcing 
fabrics relates to strength, stiffness and energy dissipa-
tion of ancient masonry walls. 

Fig. 17. Contact shear stresses, expressed in MPa, along sliding surfaces for two values of shear load

Fig. 18. Contact shear stresses, expressed in MPa, on sliding mortar-masonry interface for three values of shear load
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