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1 FOREWORD 

A numerical-experimental study was conducted at Fondazione EUCENTRE, Pavia, in order to 
assess the plane seismic behaviour of an innovative modular steel reinforcement system for load-
bearing masonry (Resisto 5.9) designed by Progetto Sisma s.r.l.. In particular, the main objective of 
the research was evaluation of the lateral in-plane performance of load-bearing masonry walls 
reinforced with the proposed system in relation to the unreinforced situation. 

The subject of the experimental activity, conducted in two separate campaigns (during the years 
2020 and 2021, respectively), was the reinforcement of different masonry solutions considered 
representative of national construction. In particular, a masonry made of solid bricks and lime mortar 
with a “header” bond and a masonry made of “double UNI” semi-hollow blocks and bastard mortar 
with a “Gothic” bond were considered. Firstly, the experimentation conducted allowed the basic 
characterisation of the masonry systems and the anchors of the reinforcement system, through tests 
aimed at determining the geometric and mechanical properties of the materials and elements. 
Subsequently, the seismic parameters were analysed, through the execution of cyclic compression-
shear tests in the pseudo-static plane on full-scale masonry panels. The experimental study also 
involved the evaluation of the performance of different details of the reinforcement system, even 
when the collapse mechanism activated in the masonry panels varied. In particular, two solutions 
were considered. The first provided for reinforcement of the wall by connecting the modular steel 
system to the masonry by means of chemical anchoring, while the second was characterised by 
connection of the reinforcement system not only to the masonry but also to the foundation and the 
reinforced concrete floor kerbs, again by means of chemical anchoring. 

Instead, the numerical part, the subject of this report, consisted of an initial calibration phase of the 
main parameters of the masonry considered (solid brick masonry and “double UNI” semi-hollow 
block masonry) and of the various elements of the reinforcement system, starting from the results of 
the characterisation tests. Then, this calibration was verified and optimised following the numerical 
reproduction of experimental cyclic compression-shear tests in the plane through cyclic analyses. 

The models thus calibrated were then used for a series of numerical analyses, allowing a better 
understanding and extension of the results obtained experimentally and, by virtue of a more 
significant sample of masonry walls, a complete assessment of the seismic performance of the 
reinforcement solutions considered. These parametric analyses carried out in monotonic mode 
(“pushover analysis”) make it possible in particular to evaluate the effect of the modular 
reinforcement system on the most important seismic parameters of interest for seismic 
design/verification, such as: 

• Elastic stiffness; 

• Lateral strength; 

• Deformation capacity. 

The numerical analyses also make it possible to compare the effect of the connection to floor kerbs 
and foundation of the reinforcement system with respect to the solution without reinforcement.  

The results of the experimental activities, integrated with the numerical results of this report, 
constitute a valid reference for the definition of Guidelines for the design, analysis and verification of 
masonry walls reinforced with the Resisto 5.9 system for designers and users of the system.  

The results presented and discussed in this report would not have been possible without the 
implementation of advanced modelling specific to this research. In particular, we would like to 
emphasise that it was essential especially with regard to the evaluation of the deformation capacity 
of the masonry walls to appropriately evaluate the evolution of the details of the damage of the 
reinforced and unreinforced walls and, as a result, its strength degradation. Without modelling 
capable of correctly simulating the progression of the details of the damage and the resulting 
degradation, the numerical analyses would not have provided useful results for evaluation of the 
increase in deformation performance that the Resisto 5.9 system is capable of providing, which 
represents one of the system's most impactful aspects in terms of seismic improvement. In order to 
be able to simulate this important aspect, it was therefore necessary to use high-level software and 
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specific advanced non-linear modelling. The choice fell on the 3DEC software developed by Itasca 
(2019), which adopts a simplified micro-modelling based on the discrete element method (DEM). In 
order to be able to effectively define the degradation of the capacity in the pier elements, a specific, 
particularly advanced cyclic shear-compression masonry degradation model was adopted. In 
addition, a specific modelling of the Resisto 5.9 reinforcement system was also developed.  

This type of modelling has therefore made it possible to manage the numerical simulation of cyclic 
tests in the plane of reinforced and unreinforced masonry walls, taking into account the cyclic 
response, the degradation response and the development of the details of the damage in an 
extremely accurate manner. This result undoubtedly represents a major breakthrough compared to 
what is present in the national and international scientific and technical landscape. 

 

1.1 Numerical report organisation 

After the introduction in chapter 1, chapter 2 reports the modelling criteria for masonry and 
reinforcement systems; in particular, in addition to a brief summary of the modelling with the discrete 
element method (DEM), the geometric and constitutive models of the masonry, the calibration of the 
masonry types with respect to the results of compression tests on walls and shear tests on triplets, 
the modelling of the reinforcement system and the numerical calibration of the anchors from the 
experimental results are described.  

Chapter 3 instead deals with the numerical simulation of the seven experimental cyclic tests on 
unreinforced and reinforced masonry, in particular: UBPS01, RBPS01 and RCBPS01 (“squat” walls 
in unreinforced, reinforced and reinforced brick masonry with connection to the reinforced concrete 
elements, “double restraint” headers), RBPS02 and RCBPS02 (“slender” reinforced and reinforced 
brick masonry walls with connection to the foundation and kerb, “corbelled” headers), UDPS01 and 
RDPS01 (“squat” unreinforced and reinforced “double UNI” block masonry walls, “double restraint” 
headers). In addition, an unreinforced brick “corbelled” wall and a “double UNI” wall with a 
reinforcement system connected to the reinforced concrete elements, which were not tested 
experimentally but represent solutions of practical interest, were also considered in the numerical 
modelling. 

Chapter 4 reports the results of parametric analyses carried out by means of pushover analysis on 
previously calibrated brick and “double UNI” masonry walls, varying the axial load, the characteristics 
and length of the masonry, the constraint condition and the anchoring properties, focusing on the 
comparison between the performance of reinforced and unreinforced masonry in terms of elastic 
stiffness, lateral strength and deformation capacity at the peak and at 20% degradation.  

Chapter 5 instead presents the results of a flat brick wall with two two-storey wall panels analysed 
by means of pushover, again adopting advanced discrete element method (DEM) modelling, in the 
reinforced and unreinforced solution. The objective is to evaluate the in-plane seismic performance 
provided by the reinforcement system even for a complex wall case. The results of the DEM 
modelling are also compared with those of a pushover with equivalent wall frame modelling, normally 
used in professional practice.  

Finally, chapter 6 reports the main conclusions of the numerical analyses conducted. 
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2 NUMERICAL MODELLING 

The different advanced modelling strategies normally used in the literature to evaluate the seismic 
response of masonry structures can be divided into two categories: “continuous” modelling, also 
called “meso-modelling”, and “discrete” micro-element modelling.  

In “continuous” modelling, masonry is conventionally represented as a homogeneous, continuous 
material without distinction between blocks and mortar. In micro-modelling, masonry blocks, mortar 
and the block-mortar interface are instead represented explicitly.  

In this research, a simplified micro-modelling strategy based on the discrete element method (DEM) 
was adopted for the in-plane performance evaluation of unreinforced and reinforced masonry walls. 
This strategy represents a compromise between meso- and micro-modelling in terms of the level of 
accuracy of results and computational time.  

In the simplified micro-modelling of masonry, the size of the masonry bricks/blocks is extended to 
half the thickness of the mortar joints. The bricks are modelled as rectangular parallelepipeds 
appropriately discretized to capture the distribution of continuous three-dimensional internal 
stresses, while the influence of mortar joints is represented through interface elements of zero 
thickness. The modular reinforcement elements were instead modelled by considering the individual 
profiles constituting the module as one-dimensional finite beam elements.  

The numerical models reported in this numerical report were implemented using the commercial 
software 3DEC (version 7.00) developed by Itasca (2019). 3DEC is based on a dynamic time 
integration algorithm that solves the equations of motion of a system of blocks via an explicit finite 
difference solver (Itasca 2019). The law of motion and the constitutive equations are applied and the 
force-displacement relationships of the contact elements are defined at each load step. Integration 
of the law of motion provides the new positions of the blocks and the increments of the displacements 
(or velocities) of the contact elements. The force-displacement law of the sub-contacts is then used 
to obtain the new contact forces to be applied to the blocks in the next load step.  

In the case of static analyses (both monotonic and cyclic), such as those performed here, the 
approach followed is conceptually similar to the “dynamic relaxation” criterion proposed by Otter et 
al. (1966). In fact, 3DEC allows for the definition of a specific type of mechanical damping, 
proportional to velocity and suitable for the solution of static problems. By defining an appropriate 
mechanical damping, the equations of motion are damped to reach a state of equilibrium of the 
forces as quickly as possible under the initial and boundary conditions applied. Adaptive global 
damping (Cundall, 1982) was employed in this work.  

 

2.1 Constitutive models of masonry 

By adopting discrete element method (DEM) modelling, each masonry block can be represented 
explicitly, whether rigid or deformable.  

In this research, masonry bricks/blocks were modelled as deformable elements, subdivided into 
multiple finite difference (FD) regions/zones, each characterised by 6 tetrahedral elements with 
constant deformation. When two blocks in contact are detected, “sub-contacts” are generated along 
the contact surface of the blocks according to the specific tolerance of the software. The “sub-
contacts” at the interface between the masonry blocks are assigned “zero” thickness springs 
characterised by a contact stiffness perpendicular (“normal”) to the surface and a “shear” stiffness, 
kn and ks, respectively, and user-defined constitutive laws. Contact stresses are then calculated in 
the normal (σn) and shear (τ) directions based on the relative contact stiffnesses. Further properties 
characterising the non-linear behaviour of “normal” and shear springs are also defined. These 
properties are represented by the tensile strength ftmo, the cohesion c, and the angle of friction ϕ. 

Figure 2.1 reports a summary of the separate element modelling strategy adopted.  
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Figure 2.1 Discrete element modelling of a masonry portion: block-joint interface model, constitutive laws of 
the joint, 'finite difference” block discretization. 

This numerical study used a new contact model proposed and validated by Pulatsu et al. (2020). 
This constitutive model, unlike the “built-in contact” model present in 3DEC, allows a softening 
branch in tension and shear to be considered by defining the relative fracture energies in tension 
and shear. To represent the behaviour of contact springs in shear, a “Mohr-Coulomb” slip joint model 
was used. 

Once the shear strength τmax is reached, the cohesion, c, gradually tends to zero. This branch of 
degradation from peak to residual shear stress, τres,  is controlled by the shear fracture energy, called 
Gf,s. The shear contact strength is evaluated according to the following equation: 

𝜏 = 𝑐 + 𝜏𝑟𝑒𝑠 = 𝑐 + 𝜎𝑛 ∙ tan 𝜙 (2.1) 

in which σn is the normal contact tension.  

With regard to tensile behaviour, only a spring with tensile fracture is permissible. Once the tensile 
strength of the joint, ftmo, is reached, the tensile stresses degrade to zero according to the tensile 
fracture energy, Gf,t. 

With regard to the compression behaviour, effective modelling is undoubtedly a fundamental aspect 
in order to correctly simulate a response of the masonry, which must also consider the post-peak 
degradation phase. However, adopting a modelling with distinct elements requires following 
appropriate criteria. In particular, considering the compressive failure of the masonry as a function 
of the distribution of stresses, it is possible to assess the progressive stress degradation as the level 
of lateral displacement caused by the compression crushing and the relative loss of vertical capacity 
increases.  

The failure of the masonry in compression was taken into account in the constitutive model of the 
blocks, while no compressive failure model was considered at the contact interfaces. As this criterion 
is not included by default in the 3DEC software, a strain-softening version of the Mohr-Coulomb 
plastic model (MPM) with compressive stress boundary was adopted to appropriately consider the 
compressive failure of masonry. It is worth noting that this constitutive model has been used in other 
research to simulate the compressive failure of rocks (Kias et al. 2011). The elastic and linear 
behaviour of the finite difference regions is defined by assigning the values of Young's modulus Eb 
and shear modulus Gb. As for the post-elastic (non-linear) behaviour, the Mohr-Coulomb plastic 
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model (MPM) is defined through equivalent cohesion (cb,eq) and friction angle (ϕb,eq) parameters that 
are appropriately calibrated to obtain diagonal breakage in the regions along the edges of the 
tetrahedra constituting the internal mesh, once the compressive stresses have reached the effective 
compressive strength of the masonry fcm. Similarly, an equivalent tensile strength of the bricks/blocks 
(ftb,eq) was inferred to simulate bending failure (Malomo et al. 2019). In addition, the strain-softening 
version of the Mohr-Coulomb plastic model (MPM) allows for the introduction of a degradation of the 
equivalent cohesion (cb,eq) and friction angle (ϕb,eq) parameters as a function of plastic deformation 
in internal tetrahedral elements. Once appropriately calibrated, it is not only possible to define a 
“pseudo-bilinear” constitutive bond of the masonry in compression (it is not really bilinear as the bond 
“bends” once cohesion is exceeded as for example depicted in Figure 2.2 and Figure 2.3) but also 
to consider the effects of masonry crushing and the associated loss of vertical strength.  

The compression model just described has been specifically calibrated in this research in order to 
be able to evaluate, as effectively as possible, the compressive strength degradation necessary to 
be able to correctly define the deformation capacity in the plane of masonry walls, linked to the 
degradation of the cyclic shear-displacement curve. This model is thus able to compensate for the 
critical issues that arise when using the common approach of separate element models for masonry 
structures, which consists of dividing each brick into two elements and assigning a Mohr-Coulomb 
model at the interface between them, which is suitable for simulating the compressive and tensile 
behaviour of the bricks. In addition to increasing the number of blocks in the wall by a factor of two 
(and therefore also the analysis time), this modelling criterion is not able to handle the compressive 
strength degradation and the relative redistribution of vertical loads which, as already mentioned, is 
a fundamental aspect in this research. 

 

2.2 Calibration of the masonry types with the results of characterisation tests 

Prior to simulating the response of the full-scale walls tested in the plane, the proposed discrete 
element model was calibrated and validated from mechanical characterisation tests on masonry 
specimens of the same wall types. Specifically, vertical compression tests on walls and shear tests 
on triplets were numerically reproduced, accurately modelling the boundary conditions in order to 
calibrate the properties of interest. Table 2.1 and Table 2.2 summarise the experimental parameters 
and the properties assigned in the models to the interface blocks and springs.  

The masonry bricks/blocks were discretized using a two-region mesh (2R). Although a more refined 
mesh can better simulate the masonry stress distribution in the non-linear field, the discretization 
used undoubtedly represents a good compromise between accuracy of results and analysis time. 
Therefore, it is also possible to consider the compressive and tensile behaviour of masonry blocks 
by combining the “2R” mesh with the Mohr-Coulomb plastic model (MPM) with compressive stress 
limit. Numerical tests and analyses were carried out on different models in order to be able to 
correctly evaluate the influence of the mesh adopted for the elements on the axial and shear 
stiffnesses of the masonry specimens used to characterise the compressive and shear behaviour. 
The result of these analyses confirmed that the bonds and block arrangements used for the brick 
and “double UNI” masonry walls can be effectively analysed with a “2R” mesh, as it is able to 
appropriately simulate the deformability of the bricks and masonry blocks.  

Consequently, considering this “meshing” of the bricks and blocks as adequate, the “normal” 
compression stiffness  kn and shear stiffness ksassigned to the sub-contacts were evaluated with the 
following equations, as suggested by Malomo et al. (2019): 

𝑘𝑛 =
𝐸𝑚𝑜

𝑡
 ;  𝑘𝑠 =

𝐺𝑚𝑜

𝑡
 (2.2) 

in which Emo and Gmo are, respectively, the Young's modulus and shear modulus of the mortar joints 
and t is the mortar joint thickness of 10 mm. It is worth emphasising that, at least for the elastic 
moduli used in this work, application of the previous equations provided results in terms of  kn and 
ks values that were very similar to those obtained from the “traditional” mortar joint stiffness equations 
proposed by Lourenço et al. (1997) and used in many works in the literature.  
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Table 2.1 Masonry, block and joint properties assigned in the DEM model in the case of solid brick masonry. 

Masonry  

fcm  

[MPa] 

Em  

[MPa] 

Gm 

 [MPa] 

m  

[kg/m3] 
  

7.03* 4265** 1706 1300   

Bricks 

fcb  

[MPa] 

Eb  

[MPa] 

Gb  

[MPa] 

cb,eq  

[MPa] 

 b,eq  

[°] 

ftb,eq  

[MPa] 

19.22* 7207 2883 1.59 35 1.06 

Joints 

c  

[MPa] 

  

[-] 

ftmo  

[MPa] 

Gf,s  

[N/m] 

Gf,t  

[N/m] 
 

0.15* 0.61* 0.05* 50 10  

* Values determined through the results of mechanical characterisation tests. 
** Values evaluated at a secant value between 10% and 33% fcm 

 

Table 2.2 Masonry, block and joint properties assigned in the DEM model in the case of  “double UNI” 
masonry. 

Masonry  

fcm  

[MPa] 

Em  

[MPa] 

Gm 

[MPa] 

m  

[kg/m3] 
  

3.82* 4233** 1693 1650   

Bricks 

fcb  

[MPa] 

Eb  

[MPa] 

Gb  

[MPa] 

cb,eq  

[MPa] 

 b,eq  

[°] 

ftb,eq  

[MPa] 

15.30* 4235* 1694 0.86 35 0.61 

Joints 

c  

[MPa] 

  

[-] 

ftmo  

[MPa] 

Gf,s  

[N/m] 

Gf,t  

[N/m] 
 

0.24* 0.35* 0.04* 1000 10  

* Values determined through the results of mechanical characterisation tests. 
** Values evaluated on “stack bonded” specimens at a secant value of 33% fcm. 

 

The values of the elastic moduli of the mortars, Emo and Gmo, can be derived using some 
homogenisation equations, as suggested by Malomo et al. (2019). In particular, these equations 
allow the elastic moduli of the mortar joints to be estimated as a function of the elastic moduli of the 
masonry and bricks. In particular, the elastic modulus of the masonry, Em, was evaluated from the 
results of the vertical compression tests on the walls carried out during the experimental campaign. 
The elastic modulus of the bricks, Eb, assigned to the regions, was instead estimated using an 
empirical relationship proposed by Kaushik et al. (2007) for brickwork as a function of the 
compressive strength of the bricks  (fcb): 

𝐸𝑏 = 375 ∙ 𝑓𝑐𝑏 (2.3) 

Instead, in the case of “double UNI” masonry, the values obtained experimentally from 
characterisation tests were used.  

It is worth specifying that the shear modulus of the bricks (Gb), mortar and masonry (Gm) was derived 
from the respective Young's modulus values assuming an isotropic material and a Poisson's ratio of 
0.25. This simplified approach is normally reliable for masonry structures.  

The equivalent shear parameters (cb,eq, b,eq) assigned in the Mohr-Coulomb plastic model (MPM) of 
the blocks were calibrated to accurately simulate the actual strength resulting from vertical 
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compression tests on the masonry walls. The equivalent friction angle was assumed to be 35° based 
on past literature (Malomo et al. 2019), while the equivalent cohesion was calibrated iteratively. The 
numerical response of the wall subjected to vertical compression, obtained by adopting an 
incremental monotonic loading protocol, is shown in Figure 2.2 and Figure 2.3 respectively for brick 
and “double UNI” masonry. 

Analysing Figure 2.2 and Figure 2.3 it can also be observed that the stiffnesses and elastic moduli 
assigned to the DEM model components (mortar and bricks) lead to an overall stiffness of the 
masonry that simulates the experimental stiffness of the masonry specimen very well. This result 
confirms that the equation (2.2) used to evaluate kn and ks provides reliable results and, 
consequently, that the deformability of the wall elements is adequately assessed by using a two-
element mesh (“2R”) per block. 

 

      

Figure 2.2 Calibration of masonry in compression through vertical compression tests on brick masonry. 

 



 Study of the seismic behaviour of load-bearing masonry reinforced with modular steel cladding 

 

8 

 

Figure 2.3 Calibration of masonry in compression through vertical compression tests on “double UNI” 
masonry. 

Instead, the equivalent tensile strength of the bricks and blocks (ftb,eq) was appropriately calibrated 
starting from the results of the tensile tests for “splitting”, which provided, for the brick masonry, a 
strength value (ftb,splitting) of 2.11 Mpa, while for the “double UNI” masonry, values of 0.48 and 0.68 
MPa were obtained depending on the direction considered.  

Finally, Figure 2.4 and Figure 2.5 show the comparison between experimental and numerical results 
with reference to shear tests on triplets on brick masonry, while Figure 2.6 shows the same 
comparison for “double UNI” masonry.  Again, it can be noted that the numerical model adequately 
represents the experimental response of the triplets tested. The lateral stiffness and shear behaviour 
of the joint at different compression levels was satisfactorily simulated. The fracture energy 
implemented in the softening contact model was iteratively calibrated to simulate the experimental 
response as shown in Figure 2.5 and Figure 2.6.  

Specifically, a shear fracture energy (Gf,s) of 50 N/m and 1000 N/m was derived for brick and “double 
UNI” masonry, respectively. In the absence of specific test protocols for calibrating the tensile 
fracture energy (Gf,t), a value of 10 N/m was instead used to simulate the brittle tensile failure of the 
joints (Pulatsu et al. 2020). 

A further masonry type was also considered for the subsequent parametric numerical analyses, 
made of solid bricks with a “block” bond, for which the same calibrated characteristics were used as 
for the “header” brick masonry.  
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Figure 2.4 Shear tests on triplet brick masonry: shear strength as a function of normal compression  to the 
mortar beds. 

 

 

Figure 2.5 Calibration of shear masonry through triplet shear tests on brick masonry. 
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Figure 2.6 Calibration of shear masonry through shear tests on triplets on “double UNI'” masonry. 
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2.3 Reinforcement system modelling and anchoring calibration 

The modular reinforcement elements were modelled by considering the individual profiles 
constituting the module as one-dimensional finite beam elements characterised by linear elastic 
behaviour. The choice of this type of behaviour can be considered acceptable since it was verified 
in retrospect that, in any case, the maximum strength of the profiles themselves was never reached 
but the anchors and connections were always first damaged, which are therefore the elements that 
govern the performance of the reinforcement system, as confirmed experimentally. 

With regard to the calibration of the anchoring in the masonry and reinforced concrete, the pull-out 
and shear strengths were determined as the average of the results obtained in the different cases 
from the relevant characterisation tests. For the evaluation of the stiffnesses, it was instead 
necessary to numerically reproduce the pull-out and shear tests of the anchors in the two types of 
masonry and in the reinforced concrete elements: the comparisons between the experimental and 
numerical curves are shown in Figure 2.7 for brick masonry, in Figure 2.8 for “double UNI” masonry 
and in Figure 2.9 for the reinforced concrete kerb and foundation. 

 

  

Figure 2.7 Calibration of anchors in brick masonry through pull-out and shear tests. 

 

  

Figure 2.8 Calibration of anchors in“ double UNI” masonry through pull-out and shear tests. 
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Figure 2.9 Calibration of anchors in reinforced kerb and foundation through pull-out and shear tests. 
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3 REPRODUCTION OF EXPERIMENTAL CYCLIC TESTS 

3.1 Properties and dimensions of the specimens subjected to the cyclic tests 

The calibration described in the previous chapter was verified and optimised through numerical 
reproduction of the experimental in-plane cyclic compression-shear tests. 

Three separate sets of masonry panels were subjected to cyclic compression-shear tests during the 
two phases of the experimental campaign, carried out in 2020 and 2021, respectively. It should be 
noted that an unreinforced brick “corbelled” specimen with flexural behaviour was also considered 
in the numerical modelling, which was not tested experimentally as its response is easily estimated. 
For the sake of completeness, the “double UNI” specimen with reinforcement system connected to 
the reinforced concrete elements was also numerically analysed in order to evaluate the 
effectiveness of the second reinforcement solution also with this type of masonry. 

The nominal characteristics of the specimens modelled at this stage are summarised in Table 3.1, 
where l is the length, t is the thickness, h is the net height (including the thickness of the mortar joints 
at the base and top) and λl = h/l is the longitudinal slenderness of the panels.  

Table 3.1 Characteristics of specimens subjected to cyclic tests and are modelled numerically. 

Exper. 
year 

 

Specimen 

 

l 

[mm] 

t 

[mm] 

h 

[mm] 

λl 

[-] 

Type of 

masonry 

Bond 

bond 

Type of 

reinforcement 

2020 
UBPS01 2330 250 2435 1.045 bricks “header” unreinforced 

RBPS01 2330 250 2435 1.045 brick “header” reinforced 

2021 

RCBPS01 2330 250 2435 1.045 brick “header” 

reinforced with 
connection to 
the foundation 

and to the 
reinforced 

concrete kerb 

RBPS02 1315 250 2485 1.890 bricks “header” reinforced 

RCBPS02 1315 250 2485 1.890 bricks “header” 

reinforced with 
connection to 
the reinforced 

concrete 
foundation and 

kerb 

UDPS01 2460 250 2500 1.016 “double UNI” “Gothic” unreinforced 

RDPS01 2460 250 2500 1.016 “double UNI” “Gothic” reinforced 

Not 
tested 

UBPS02 1315 250 2485 1.890 bricks “header” unreinforced 

RCDPS01 2460 250 2500 1.016 “double UNI” “Gothic” 

reinforced with 
connection to 
the reinforced 

concrete 
foundation and 

kerb 

 
For further information on the test specimens and test set-up, please refer to the experimental 
research report (Manzini et al., 2022) as well as the complete description of the experimental test 
results. 
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3.2 Brick specimens UBPS01-RBPS01-RCBPS01 

The three experimentally tested walls were affected by diagonal shear cracking with the formation 
of bi-diagonal cracks, predominantly in the vertical and horizontal mortar joints and to a more limited 
extent in the bricks. These cracks began to form in the case of test UBPS01 and RCBPS01 during 
cycle “2S” (nominal drift 0.10%) and in the case of test RBPS01 during cycle “3S” (nominal drift 
0.15%). They then increased in number and amplitude as the levels of displacement imposed in the 
subsequent cycles increased until the ultimate conditions at which the tests were interrupted were 
reached, i.e. drifts of 0.25% (UBPS01), 1.00% (RBPS01) and 0.75% (RCBPS01). 

Figure 3.1 shows images of the models of the three walls and their reinforcement frames, where 
present. 

 

 

UBPS01 

  

 

RBPS01 

 

RCBPS01 

Figure 3.1 Models of brick specimens UBPS01, RBPS01 and RCBPS01. 

 

The comparisons between the experimental and numerical hysteretic curves for the three 
specimens, shown in Figure 3.2, Figure 3.4 and Figure 3.6 show, respectively, that the numerical 
model is able to simulate the experimental cyclic response of the specimens with good 
approximation, both in terms of stiffness and strength, as well as dissipative capacity, as also 
confirmed by the comparison between the experimental and numerical values shown in Table 3.2. 
The damage mechanisms are also consistent with the experimental ones, as evident in the 
comparisons between the numerical and experimental details of the damage at the end of the test, 
shown in Figure 3.3, Figure 3.5 and Figure 3.7.  

It should be noted that for the unreinforced specimen only (UBPS01), the numerical analysis and its 
comparison with the experimental curve were carried out considering all three cycles for each level 
of applied displacement. Having verified the substantial acceptability of the results even considering 
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only one cycle, the subsequent analyses on the other models were instead conducted on a single 
pull-push cycle per drift level in order to optimise analysis time. 

 

 

Figure 3.2 Comparison of the numerical and experimental cyclic response of specimen UBS01. 

 

 

(a) 

 

(b) 

Figure 3.3 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
UBPS01. 
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Figure 3.4 Comparison of the numerical and experimental cyclic response of specimen RBPS01. 

 

 

(a) 

 

(b) 

Figure 3.5 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
RBPS01. 
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Figure 3.6 Comparison of the numerical and experimental cyclic response of specimen RCBS01. 

 

 

(a) 

 

(b) 

Figure 3.7 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
RCBPS01. 

Table 3.2 Comparison of experimental and numerical results: elastic stiffness, strength, deformation 
capacity. 

Specimen 
 

 kel 
[kN/mm] 

Vmax 

[kN] 
θVmax 

[%] 
θ20%drop 

[%] 

UBPS01 
Experimental 190.7 239.4 0.08 0.14 

Numerical 203.7 189.8 0.08 0.14 

RBPS01 
Experimental 188.7 238.9 0.10 0.57 

Numerical 188.3 207.8 0.24 0.55 

RCBPS01 
Experimental 189.3 278.7 0.15 0.49 

Numerical 182.3 220.5 0.15 0.75 
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From the comparison of the cyclic curves obtained from the analyses, shown in Figure 3.8, it can be 
noted that even numerically the reinforcement of specimens RBPS01 and RCBPS01 did not produce 
substantial increases in initial elastic stiffness compared to unreinforced specimen UBPS01. 
However, there is an increase in maximum strength in the reinforced specimens compared to the 
unreinforced specimen which was not detected in the experimental tests. However, this difference 
is attributable to an underestimation of the real strength of the unreinforced specimen due to the 
difficulties of the numerical model in fully capturing the tensile contribution of the mortar joints at the 
initial peak force, without forcing the mechanical parameters entered and derived from the 
characterisation tests. On the other hand, the comparison of the numerical details of the damage 
confirms that, with the same imposed drift, the reinforcement system allows a significant reduction 
of the damage on the walls, tending to confine the masonry and limit the opening of the cracks, as 
evident in Figure 3.9, where the cracking state of the different specimens is shown in 
correspondence to the last drift applied to the unreinforced specimen (red indicates the cracks in the 
mortar joints, grey indicates those in the elements). 

 

 

Figure 3.8 Comparison of the numerical cyclic responses of the three specimens. 

 

 

UBPS01 

 

RBPS01 

 

RCBPS01 

Figure 3.9 Comparison of the numerical details of the damage of the three specimens at the ultimate 
condition of the unreinforced specimen. 
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Having verified the correctness and suitability of the models created through the cyclic test 
comparisons, corresponding pushover analyses were carried out, the results of which, shown in 
Figure 3.10, are consistent with those obtained from the cyclic analyses. 

 

 

Figure 3.10 Comparison of the numerical “pushover” curves of the three specimens. 

 

As pointed out above, to achieve perfect consistency with the experimental results, it would be 
necessary to also appropriately consider the tensile contribution of the mortar joints at the initial peak 
force, as conventionally done in Figure 3.11, in which peaks with dashed lines were added to the 
previous pushover curves.  

 

 

Figure 3.11 Comparison of the numerical pushover curves of the three specimens with the addition of the 
initial tensile peak, not captured by the numerical model. 
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3.3 Brick specimens UBPS02-RBPS02-RCBPS02 

Specimens RBPS02 and RCBPS02 were experimentally characterised by a flexural mechanism with 
prevalent formation of cracks in the horizontal mortar joints at the base of the walls, which began to 
develop in both specimens during cycle “4S” (nominal drift 0.20%). In the course of successive 
cycles, similar cracks also formed and developed in the adjacent joints in both walls. As the 
displacements increased, the cracks extended, until they affected the entire section of the walls and 
the specimens continued the rocking mechanism up to high drift values, at which point the tests were 
interrupted due to the phenomena of crushing in the bricks at the corners. 

Figure 3.12 shows images of the models of the two walls and their reinforcement frames, as well as 
the corresponding unreinforced model. The presence of the high top kerb is merely an artifice used 
to ascertain the position of the horizontal force application point as in the experiment. 

 

 

UBPS02 

  

 

RBPS02 

 

RCBPS02 

Figure 3.12 Models of brick specimens UBPS02, RBPS02 and RCBPS02. 

The comparisons between the numerical pushover curves and the experimental hysteretic curves 
for both specimens, shown in Figure 3.13 and Figure 3.15, respectively, show how the numerical 
model is able to reproduce the envelope of the experimental cyclic response of the specimens both 
in terms of stiffness and strength, with good approximation, although the “monotonic” analysis is not 
always able to effectively simulate the strength degradation at high displacements, especially for the 
unconnected specimen. The numerical details of the damage are also consistent with the 
experimental details of damage at the end of the test, which are typical of buckling/rocking modes, 
as evident in Figure 3.14 and Figure 3.16. It should be noted that it was not considered necessary 
to perform cyclic numerical analyses given the typical flexural mechanism of a “slender” wall tested 
with a “corbelled” configuration, also in view of the reduced energy dissipation under such conditions. 
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Figure 3.13 Comparison of the numerical and experimental response of specimen RBS02. 

 

 

(a) 

 

(b) 

Figure 3.14 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
RBPS02. 
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Figure 3.15 Comparison of the numerical and experimental response of specimen RCBS02. 

 

 

 

(a) 

 

(b) 

Figure 3.16 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
RCBPS02. 

 

Having verified the correctness of the numerical model, the corresponding unreinforced specimen 
UBPS02 was also modelled for confirmation and its behaviour was found to be in line with the 
predictions. 
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From the comparison of the pushover curves obtained from the analyses, shown in Figure 3.17, it 
can be noted that even numerically the different reinforcement solution adopted for the two 
specimens RBPS02 and RCBPS02 did not produce any difference in initial elastic stiffness 
compared to the unreinforced specimen. With regard to strength, the unreinforced specimen and the 
unconnected reinforced specimen obtained, as expected, the same value, which is comparable with 
the strength calculated with the buckling formulation in NTC 2018 for unreinforced walls. On the 
other hand, better performance of the connected specimen is shown, which showed an increase in 
maximum strength, consistent with what was found in the experimental tests. 

 

 

Figure 3.17 Comparison of the numerical “pushover” curves of the three specimens. 

 

3.4 “Double UNI” specimens UDPS01-RDPS01-RCDPS01 

The two experimentally tested “double UNI” masonry walls were affected by diagonal shear cracking, 
with the formation starting from cycle “2S” (nominal drift 0.10%) in both specimens of bi-diagonal 
cracks, which developed initially in the vertical and horizontal mortar joints and later in the blocks. 
These cracks then increased in number and amplitude as the levels of displacement imposed in 
subsequent cycles increased, accompanied, starting from cycle “6S” (nominal drift 0.30%) by the 
phenomena of block spalling until the end of the tests, at a drift of 0.30% (UDPS01) and 0.50% 
(RDPS01). 

Figure 3.18 shows images of the models of the walls and their reinforcement frames, where present. 
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UDPS01 

  

 

RDPS01 

 

RCDPS01 

Figure 3.18 Models of brick specimens UDPS01, RDPS01 and RCDPS01. 

 

The comparisons between the experimental and numerical hysteretic curves for the two specimens, 
shown in Figure 3.17 and Figure 3.21, show that the numerical model is able to simulate the 
experimental response of the specimens very well in terms of initial stiffness, strength and, as a 
result, the envelope of the cyclic response of the specimens. The correctness of the calibration is 
also confirmed by comparing the experimental and numerical values shown in Table 3.3, where it 
can be seen that the only non-negligible difference concerns the deformation capacity at 80% of the 
maximum force of the reinforced specimen. This difference can be attributed to the choice of carrying 
out only one cycle per displacement level in the numerical analyses, while the experimental value in 
the table was obtained in the second or third cycle. It should be noted, however, that the numerical 
model is not as accurate with regard to energy dissipation due to the difficulty in capturing the 
stiffness of the unloading and reloading sections with the model used. The damage mechanisms are 
also consistent with the experimental ones, as evident in the comparisons between the numerical 
and experimental details of the damage at the end of the test, shown in Figure 3.20 and Figure 3.22.  
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Figure 3.19 Comparison of the numerical and experimental cyclic response of specimen UDS01.  

 

 

(a) 

 

(b) 

Figure 3.20 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
UDPS01.   
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Figure 3.21 Comparison of the numerical and experimental cyclic response of specimen RDPS01 

 

 

(a) 

 

(b) 

Figure 3.22 Comparison of the numerical (a) and experimental (b) details of the damage of specimen 
RDPS01.   

Table 3.3 Comparison of experimental and numerical results: elastic stiffness, strength, deformation 
capacity. 

Specimen 

 

 kel 

[kN/mm] 

Vmax 

[kN] 

θVmax 

[%] 

θ20%drop 

[%] 

UDPS01 
Experimental 147.0 214.5 0.10 0.26 

Numerical 151.5 211.6 0.09 0.25 

RDPS01 
Experimental 146.9 257.0 0.20 0.39 

Numerical 149.9 247.1 0.20 0.48 
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Once the numerical model had been correctly calibrated, the corresponding specimen with the 
reinforcement system connected to the reinforced concrete elements, named RCDPS01, was also 
modelled in order to assess the effectiveness of this solution with the “double UNI” masonry type. 

From the comparison of the numerical cyclic curves, shown in Figure 3.23, it can be seen that the 
results of the analyses confirm the experimental evidence also for this wall type. In fact, the 
reinforcement of specimen RDPS01 does not even numerically produce a significant variation in 
initial elastic stiffness with respect to unreinforced specimen UDPS01, while there is an increase in 
maximum strength. Similarly, the connected reinforced specimen RCDPS01 is characterised by the 
same initial stiffness and a further, albeit smaller, increase in strength with respect to the reinforced 
specimen, against a substantially equivalent post-peak strength degradation. On the other hand, the 
comparison between the numerical details of the damage confirms that, with the same imposed drift, 
the reinforcement system induces a confinement action on the masonry, allowing a limitation of the 
shear crack opening in the joints along the two diagonals of the masonry panel, as evident in Figure 
3.24, where the crack conditions of the different specimens is reported at the last drift applied to the 
unreinforced specimen. 

 

 

Figure 3.23 Comparison of the numerical cyclic responses of the three specimens. 

 

 
UDPS01 

 
RDPS01 

 
RCDPS01 
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Figure 3.24 Comparison of the numerical details of the damage of the three specimens at the ultimate 
condition of the unreinforced specimen. 

Having verified the correctness of the models created through the comparisons on the cyclic tests, 
the corresponding pushover analyses were carried out, the results of which, shown in Figure 3.25 
and consistent with those obtained from the cyclic analyses, clarify how both reinforcement solutions 
lead to a substantial improvement in terms of strength and deformation capacity with respect to the 
unreinforced specimen. However, there would appear to be some differences between the two 
reinforced specimens, with the connected specimen showing a greater increase in maximum 
strength but a lower deformation capacity at the peak and a more rapid strength degradation, as will 
be better evaluated in the following chapter on parametric analyses. 

 

 

Figure 3.25 Comparison of the numerical “pushover” curves of the three specimens.  
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4 PARAMETRIC ANALYSES 

The calibrated models were used for a series of non-linear static numerical analyses (“pushover”) 
on unreinforced and reinforced walls, with and without connection to reinforced concrete elements, 
in order to extend the results obtained experimentally on individual walls. In fact, by virtue of a larger 
and more significant sample of masonry walls, it is possible to achieve a better definition of the 
seismic performance of the two proposed reinforcement solutions. 

When generating the specimens to be considered in the parametric analyses, it was decided to vary 
some parameters of interest with respect to the tested unreinforced reference walls (i.e. UBPS01 
and UDPS01), such as: 

• The geometry (with two lengths, one about half - suffix “L2” in the specimen nomenclature, 
the other about double - “L3” of that of the “squat” specimens tested);  

• The vertical load applied (with two load levels, one greater - “C2” and one lesser - “C3” than 
that applied experimentally); 

• The strength of the masonry (defining two sets of properties for each masonry based on the 
minimum values - “R2” and maximum values - “R3” of the intervals proposed by the 2019 
Circular, as shown in Table 4.1 and Table 4.2); 

• The constraint conditions (i.e. “corbelled” - 'V2' and “double restraint”).  

Table 4.1 Mechanical properties considered for solid brick masonry. 

Property R2 R3 

Normalised vertical compressive strength of brick [MPa]. 8.3 12.2 

Shear tensile strength of brick [MPa]. 0.97 1.44 

Compressive strength of mortar [MPa]. 0.7 1.5 

Normalised vertical compressive strength of masonry [MPa]. 2.6 4.3 

Elastic modulus of masonry [MPa] 1200 1800 

Tangential elastic modulus of masonry [MPa] 400 600 

Initial shear strength of joints [MPa] 0.13 0.27 

Coefficient of friction of joints [-] 0.577 0.577 

Adhesion strength of joints [MPa] 0.04 0.09 

 

Table 4.2 Mechanical properties considered for “double UNI” masonry. 

Property R2 R3 

Normalised vertical compressive strength of brick [MPa]. 16.2 23.6 

Shear tensile strength of brick [MPa]. 0.62 0.89 

Compressive strength of mortar [MPa]. 2.5 5 

Normalised vertical compressive strength of masonry [MPa]. 5 8 

Elastic modulus of masonry [MPa] 3500 5600 

Tangential elastic modulus of masonry [MPa] 875 1400 

Initial shear strength of joints [MPa] 0.20 0.36 

Coefficient of friction of joints [-] 0.35 0.35 

Adhesion strength of joints [MPa] 0.03 0.06 

 

As already mentioned, a variation of the masonry bond was also proposed, limited to solid brick 
masonry, considering an “English” bond in addition to the “header” framework. 
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Finally, a possible variation of the characteristics of the anchors to the masonry was hypothesised, 
indicated by the suffix “A2” in the nomenclature of the specimen and, more precisely, the strengths 
and stiffnesses calibrated in the paragraph 2.3 were doubled. It should be noted that this case is not 
covered by the calculations in the following paragraphs but is useful for understanding the behaviour 
of the reinforcement system, also with a view to possible future optimisations. 

4.1 List of analyses 

Table 4.3, Table 4.4 and Table 4.5 report the characteristics of the models used in the parametric 
numerical analyses for solid brick masonry with “header” bond, “double UNI” masonry with “Gothic” 
bond and solid brick masonry with “English” bond, respectively. Please note that in the following the 
initial letter “U” is used to indicate unreinforced specimens, “R” for reinforced specimens and “RC” 
for reinforced and connected specimens. 

Table 4.3 List of the walls considered in the parametric analyses in relation to the solid brick wall type with 
“header” bond. 

Specimen Length 

[mm] 

Constraint 
diagram 

σv   

 [MPa] 

Type of failure 

UBPS01 2330 double restraint 0.50 shear 

RBPS01 2330 double restraint 0.50 shear 

RCBPS01 2330 double restraint 0.50 shear 

UBPS01L2 1315 double restraint 0.50 buckling 

RBPS01L2 1315 double restraint 0.50 buckling 

RCBPS01L2 1315 double restraint 0.50 buckling 

UBPS01L3 4410 double restraint 0.50 shear 

RBPS01L3 4410 double restraint 0.50 shear 

RCBPS01L3 4410 double restraint 0.50 shear 

UBPS01C2 2330 double restraint 0.30 shear 

RBPS01C2 2330 double restraint 0.30 shear 

RCBPS01C2 2330 double restraint 0.30 shear 

UBPS01C3 2330 double restraint 1.00 shear 

RBPS01C3 2330 double restraint 1.00 shear 

RCBPS01C3 2330 double restraint 1.00 shear 

UBPS01R2 2330 double restraint 0.50 shear 

RBPS01R2 2330 double restraint 0.50 shear 

RCBPS01R2 2330 double restraint 0.50 shear 

UBPS01R3 2330 double restraint 0.50 shear 

RBPS01R3 2330 double restraint 0.50 shear 

RCBPS01R3 2330 double restraint 0.50 shear 

UBPS01V2 1315 corbelled 0.50 buckling 

RBPS01V2 1315 corbelled 0.50 buckling 

RCBPS01V2 1315 corbelled 0.50 buckling 

RBPS01A2 2330 double restraint 0.50 shear 

RCBPS01A2 2330 double restraint 0.50 shear 

UBPS02 1315 corbelled 0.30 buckling 

RBPS02 1315 corbelled 0.30 buckling 

RCBPS02 1315 corbelled 0.30 buckling 
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Table 4.4 List of the walls considered in the parametric analyses in relation to “double UNI” masonry with 
“Gothic” bond. 

Specimen Length 

[mm] 

Constraint 
diagram 

σV   

 [MPa] 

Type of failure 

UDPS01 2460 double restraint 0.60 shear 

RDPS01 2460 double restraint 0.60 shear 

RCDPS01 2460 double restraint 0.60 shear 

UDPS01L2 1290 double restraint 0.60 buckling 

RDPS01L2 1290 double restraint 0.60 buckling 

RCDPS01L2 1290 double restraint 0.60 buckling 

UDPS01L3 4800 double restraint 0.60 shear 

RDPS01L3 4800 double restraint 0.60 shear 

RCDPS01L3 4800 double restraint 0.60 shear 

UDPS01C2 2460 double restraint 0.30 shear 

RDPS01C2 2460 double restraint 0.30 shear 

RCDPS01C2 2460 double restraint 0.30 shear 

UDPS01C3 2460 double restraint 1.00 shear 

RDPS01C3 2460 double restraint 1.00 shear 

RCDPS01C3 2460 double restraint 1.00 shear 

UDPS01R2 2460 double restraint 0.60 shear 

RDPS01R2 2460 double restraint 0.60 shear 

RCDPS01R2 2460 double restraint 0.60 shear 

UDPS01R3 2460 double restraint 0.60 shear 

RDPS01R3 2460 double restraint 0.60 shear 

RCDPS01R3 2460 double restraint 0.60 shear 

UDPS01V2 1290 corbelled 0.60 buckling 

RDPS01V2 1290 corbelled 0.60 buckling 

RCDPS01V2 1290 corbelled 0.60 buckling 

RDPS01A2 2460 double restraint 0.60 shear 

RCDPS01A2 2460 double restraint 0.60 shear 
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Table 4.5 List of the walls considered in the parametric analyses in relation to the solid brick wall masonry 
with “English” bond. 

Specimen Length 

[mm] 

Constraint 
diagram 

σV   

 [MPa] 

Type of failure 

UEPS01 2460 double restraint 0.50 shear 

REPS01 2460 double restraint 0.50 shear 

RCEPS01 2460 double restraint 0.50 shear 

UEPS01C2 2460 double restraint 0.30 shear 

REPS01C2 2460 double restraint 0.30 shear 

RCEPS01C2 2460 double restraint 0.30 shear 

UEPS01C3 2460 double restraint 1.00 shear 

REPS01C3 2460 double restraint 1.00 shear 

RCEPS01C3 2460 double restraint 1.00 shear 

UEPS01R2 2460 double restraint 0.50 shear 

REPS01R2 2460 double restraint 0.50 shear 

RCEPS01R2 2460 double restraint 0.50 shear 

UEPS01R3 2460 double restraint 0.50 shear 

REPS01R3 2460 double restraint 0.50 shear 

RCEPS01R3 2460 double restraint 0.50 shear 

 

4.2 “Pushover” curve and seismic parameters 

Figure 4.1, Figure 4.2 and Figure 4.3 report all the pushover curves for the three masonry types 
considered, indicating the relevant parameters evaluated in these parametric analyses, i.e: 

• Elastic phase stiffness kel, obtained by plotting the secant of the curve at point 0.70·Vmax, 
shown in black in the graphs; 

• Maximum force Vmax and relative drift θVmax, indicated in yellow in the figures; 

• Drift corresponding to a degradation equal to 20% (when reached) of the maximum strength 
θ20%drop, marked with a red indicator on the curves. 

The selected drift values can be considered representative of the different Limit States defined by 
the current national regulations (NTC 2018), as already proposed, for example, in Morandi et al. 
(2018). More precisely, the deformation capacity corresponding to the maximum force can be 
associated with the Damage Limit State (DLS), that at 20% degradation after the peak can be 
associated with the Life-Safety Limit State (LSLS), while the ultimate capacity at the Collapse 
Prevention Limit State (CPLS) can be defined as 4/3 of the capacity at LSLS, as proposed in the 
current version of EC8-3.  

It has therefore also been assessed in retrospect (and is therefore not present in the curves): 

• Ultimate drift in near-collapse conditions θult equal to 4/3 θ20%drop. 
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Figure 4.1 Pushover curves for solid brick masonry with “header” bond. 

 



 Study of the seismic behaviour of load-bearing masonry reinforced with modular steel 
cladding 

 

34 

 

  

  

  

  

Figure 4.2 Pushover curves for “double UNI” masonry with “Gothic” bond. 
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Figure 4.3 Pushover curves for solid brick masonry with “English” bond. 

4.3 Results  

The values obtained in the various analyses for the parameters presented in the previous paragraph are 
shown, for the three types of masonry considered, in Figure 4.4, where, in keeping with the nomenclature 
adopted, “U” indicates the results for unreinforced walls, while “R” and “RC” indicate the results for 
reinforced walls in the absence and presence of connection to reinforced concrete elements, respectively. 
It should be noted that the results in terms of deformation capacity obtained through pushover analyses 
are, as expected, higher than the corresponding values obtained through cyclic analyses. However, this 
does not affect the considerations in the following paragraphs, since the calculations are based on the 
ratios between the drifts in the various reinforced and unreinforced configurations. 

Table 4.6, Table 4.7 and Table 4.8 in fact report, for the three types of masonry considered, the results 
expressed in terms of the ratio between the results obtained in the walls with the two reinforcement 
solutions (“R” or “RC”) and the corresponding values obtained for the unreinforced walls (“U”). The same 
tables also show the ratios between the results obtained in reinforced walls with and without connections 
to reinforced concrete. 

It is important to specify that, as far as brick masonry is concerned, the results on panels with shear 
failure suffer, in some cases, from the difficulty of correctly capturing the initial force peak with the 
numerical model, as already discussed in paragraph 3.2 on the reproduction of the relevant experimental 
tests. For this type of masonry, this can lead to increment values due to the reinforcement systems, in 
terms of maximum strength and corresponding drift, which are not always realistic as they are excessively 
high compared to the experimental results, as is evident in Table 4.6 and subsequent calculation of the 
results in section 4.4. 
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“header” bricks “double UNI” “English bond” bricks 

   

   

   

   

   

Figure 4.4 Comparison of the results of parametric analyses on reinforced and unreinforced walls for the 
three wall types. 
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Table 4.6 Results of the parametric analyses expressed in terms of ratios relative to the solid brick masonry 
type with “header” bond (asterisks * mark columns affected by possible overestimates of increments, as 

explained in the text). 

Specimen 
Ratio “R”,“RC” /“U” Ratio “RC”/“R” 

Vmax
* θVmax

* kel θ20%drop Vmax θVmax kel θ20%drop 

RBPS01 1.28 8.94 1.03 2.65 
1.05 0.95 0.97 1.10 

RCBPS01 1.35 8.47 1.00 2.92 

RBPS01L2 1.01 0.87 1.00 0.97 
1.18 0.72 1.06 1.18 

RCBPS01L2 1.18 0.63 1.06 1.14 

RBPS01L3 1.09 5.02 1.02 4.57 
1.08 0.79 1.02 0.64 

RCBPS01L3 1.17 3.98 1.04 2.93 

RBPS01C2 1.24 10.94 1.02 3.20 
1.08 0.45 1.01 1.04 

RCBPS01C2 1.34 4.90 1.03 3.32 

RBPS01C3 1.12 1.35 1.01 2.43 
1.04 0.89 1.01 1.16 

RCBPS01C3 1.17 1.19 1.02 2.81 

RBPS01R2 1.21 2.06 1.03 1.58 
1.08 1.00 1.04 1.08 

RCBPS01R2 1.31 2.05 1.07 1.72 

RBPS01R3 1.10 2.28 1.02 4.03 
1.10 1.07 1.02 1.73 

RCBPS01R3 1.21 2.45 1.04 6.98 

RBPS01V2 1.00 1.26 1.02 - 
1.15 2.37 1.01 - 

RCBPS01V2 1.14 2.99 1.03 - 

RBPS01A2 1.42 11.54 1.02 1.99 
1.04 0.76 0.99 0.93 

RCBPS01A2 1.48 8.81 1.01 1.86 

RBPS02 1.01 1.01 1.00 - 
1.23 ≥ 4.59 1.01 - 

RCBPS02 1.24 ≥ 4.63 1.02 - 
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Table 4.7 Results of the parametric analyses expressed in terms of ratios relative to the “double UNI” wall 
type with “Gothic” bond. 

Specimen 
Ratio “R”,“RC” /“U” Ratio “RC”/“R” 

Vmax θVmax kel θ20%drop Vmax θVmax kel θ20%drop 

RDPS01 1.25 2.78 1.06 1.56 
1.06 0.77 0.99 0.78 

RCDPS01 1.32 2.14 1.05 1.22 

RDPS01L2 1.03 1.26 1.03 ≥ 2.05 
1.13 3.76 0.99 - 

RCDPS01L2 1.17 4.73 1.02 ≥ 2.05 

RDPS01L3 1.25 2.68 1.06 1.70 
1.00 0.88 0.99 0.92 

RCDPS01L3 1.25 2.34 1.05 1.57 

RDPS01C2 1.30 2.40 1.06 2.14 
1.06 0.81 1.02 0.74 

RCDPS01C2 1.39 1.94 1.07 1.59 

RDPS01C3 1.18 2.07 1.05 1.28 
1.02 0.87 1.01 0.81 

RCDPS01C3 1.20 1.80 1.05 1.04 

RDPS01R2 1.35 2.07 1.05 1.43 
1.03 0.82 1.19 0.78 

RCDPS01R2 1.40 1.70 1.25 1.12 

RDPS01R3 1.17 1.48 1.05 3.07 
1.02 1.11 0.89 0.51 

RCDPS01R3 1.20 1.64 0.93 1.58 

RDPS01V2 1.01 1.31 1.00 - 
1.13 2.08 0.95 - 

RCDPS01V2 1.14 2.73 0.95 - 

RDPS01A2 1.39 4.12 1.06 1.90 
1.07 0.78 1.00 0.85 

RCDPS01A2 1.49 3.20 1.06 1.62 

 

Table 4.8 Results of the parametric analyses expressed in terms of ratios relative to the solid brick masonry 
type with “English” bond (asterisks * mark columns affected by possible overestimates of increments, as 

explained in the text). 

Specimen 
Ratio “R”,“RC” /“U” Ratio “RC”/“R” 

Vmax
* θVmax

* kel θ20%drop Vmax θVmax kel θ20%drop 

REPS01 1.13 3.60 1.05 2.82 
1.14 1.21 1.01 0.60 

RCEPS01 1.29 4.38 1.06 1.70 

REPS01C2 1.11 9.72 1.02 3.58 
1.07 0.51 1.00 0.93 

RCEPS01C2 1.18 4.95 1.02 3.33 

REPS01C3 1.15 1.10 1.01 1.50 
1.04 0.97 1.01 0.88 

RCEPS01C3 1.20 1.07 1.02 1.32 

REPS01R2 1.13 2.87 1.04 1.87 
1.09 1.03 1.03 0.77 

RCEPS01R2 1.23 2.94 1.07 1.43 

REPS01R3 1.01 1.33 0.79 3.52 
1.09 3.59 1.03 1.01 

RCEPS01R3 1.10 4.77 0.81 3.54 
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4.4 Evaluation of results 

Table 4.9, Table 4.10 and Table 4.11 corresponding Figure 4.5, Figure 4.6 and Figure 4.7 instead 
report the statistical calculations of the results presented in the previous paragraph for the three wall 
types considered, in terms of the increases obtained with the two reinforcement solutions (“R” or 
“RC”) compared to the values obtained for the unreinforced walls (“U”).  

For each parameter of interest (elastic stiffness, strength, deformation capacity at peak and 20% 
degradation), the average (M), the average square deviation (s), the coefficient of variation (c.o.v.), 
the average plus or minus the average square deviation (M+s and M-s), the 75% and 25% fractiles 
and the median (50%), as well as the maximum and minimum values are given. 

 

Table 4.9 Statistical calculations for solid brick masonry with “header” bond (asterisks * mark columns 
affected by possible overestimation of increments, as explained in the previous paragraph). 

Failure Value 
Ratio “R”/“U” Ratio “RC”/“U” 

Vmax
* θVmax

* kel θ20%drop Vmax θVmax kel θ20%drop 

S
h

e
a

r 

M 1.17 5.10 1.02 3.08 1.26 3.84 1.03 3.45 

s 0.08 3.65 0.01 1.00 0.08 2.40 0.02 1.66 

c.o.v. 6.4% 71.7% 0.9% 32.4% 6.1% 62.6% 2.1% 48.1% 

M+s 1.25 8.75 1.03 4.07 1.33 6.24 1.06 5.10 

M-s 1.10 1.44 1.01 2.08 1.18 1.44 1.01 1.79 

75% 1.23 7.96 1.03 3.82 1.33 4.67 1.04 3.22 

50% 1.16 3.65 1.02 2.93 1.26 3.21 1.03 2.92 

25% 1.10 2.11 1.02 2.48 1.18 2.15 1.02 2.84 

max 1.28 10.94 1.03 4.57 1.35 8.47 1.07 6.98 

min 1.09 1.35 1.01 1.58 1.17 1.19 1.00 1.72 

B
u

c
k
lin

g
 

M 1.00 1.05 1.01 0.97 1.19 2.75 1.03 1.14 

s 0.01 0.16 0.01 0.00 0.04 1.64 0.02 0.00 

c.o.v. 0.5% 15.4% 1.1% 0.0% 3.3% 59.7% 1.6% 0.0% 

M+s 1.01 1.21 1.02 0.97 1.23 4.39 1.05 1.14 

M-s 1.00 0.89 1.00 0.97 1.15 1.11 1.02 1.14 

75% - - - - - - - - 

50% - - - - - - - - 

25% - - - - - - - - 

max 1.01 1.26 1.02 0.97 1.24 4.63 1.06 1.14 

min 1.00 0.87 1.00 0.97 1.14 0.63 1.02 1.14 
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Reinforced Connected reinforced 

  

  

Figure 4.5 Calculation of the results expressed in terms of ratios relative to solid brick masonry with “header” 
bond. 

Table 4.10 Statistical calculations for “double UNI” masonry with “Gothic” bond. 

Failure Value 
Ratio “R”/“U” Ratio “RC”/“U” 

Vmax θVmax kel θ20%drop Vmax θVmax kel θ20%drop 

S
h

e
a

r 

M 1.25 2.25 1.05 1.87 1.29 1.93 1.07 1.35 

s 0.06 0.44 0.00 0.60 0.08 0.25 0.09 0.23 

c.o.v. 5.1% 19.5% 0.4% 32.3% 6.2% 12.8% 8.8% 17.2% 

M+s 1.31 2.68 1.06 2.47 1.37 2.18 1.16 1.58 

M-s 1.19 1.81 1.05 1.26 1.21 1.68 0.97 1.12 

75% 1.29 2.61 1.06 2.03 1.37 2.09 1.07 1.58 

50% 1.25 2.23 1.05 1.63 1.29 1.87 1.05 1.39 

25% 1.20 2.07 1.05 1.46 1.22 1.73 1.05 1.14 

max 1.35 2.78 1.06 3.07 1.40 2.34 1.25 1.59 

min 1.17 1.48 1.05 1.28 1.20 1.64 0.93 1.04 
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B
u

c
k
lin

g
 

M 1.02 1.28 1.01 2.05 1.15 3.73 0.99 2.05 

s 0.01 0.03 0.01 0.00 0.01 1.00 0.03 0.00 

c.o.v. 1.2% 2.1% 1.3% 0.0% 1.1% 26.7% 3.1% 0.0% 

M+s - - - - - - - - 

M-s - - - - - - - - 

75% - - - - - - - - 

50% - - - - - - - - 

25% - - - - - - - - 

max 1.03 1.31 1.03 2.05 1.17 4.73 1.02 2.05 

min 1.01 1.26 1.00 2.05 1.14 2.73 0.95 2.05 

 

Reinforced Connected reinforced 

  

  

Figure 4.6 Calculation of the results expressed in terms of ratios relative to “double UNI” masonry with 
“Gothic” bond. 
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Table 4.11 Statistical calculations for solid brick masonry with “English” bond (asterisks * mark columns 
affected by possible overestimation of increments, as explained in the previous paragraph). 

Failure Value 
Ratio “R”/“U” Ratio “RC”/“U” 

Vmax
* θVmax

* kel θ20%drop Vmax θVmax kel θ20%drop 

S
h

e
a

r 

M 1.10 3.72 0.98 2.66 1.20 3.62 1.00 2.26 

s 0.05 3.14 0.10 0.85 0.06 1.46 0.09 0.97 

c.o.v. 4.5% 84.3% 9.9% 31.8% 5.3% 40.2% 9.4% 42.7% 

M+s 1.15 6.86 1.08 3.50 1.26 5.08 1.09 3.23 

M-s 1.05 0.58 0.88 1.81 1.13 2.16 0.90 1.30 

75% 1.13 3.60 1.04 3.52 1.23 4.77 1.06 3.33 

50% 1.13 2.87 1.02 2.82 1.20 4.38 1.02 1.70 

25% 1.11 1.33 1.01 1.87 1.18 2.94 1.02 1.43 

max 1.15 9.72 1.05 3.58 1.29 4.95 1.07 3.54 

min 1.01 1.10 0.79 1.50 1.10 1.07 0.81 1.32 

 

Reinforced Connected reinforced 

  

Figure 4.7 Calculation of the results expressed in terms of ratios relative to solid brick masonry with “English” 
bond. 

 

4.5 Proposed design/verification criteria  

Based on the results of the numerical analyses carried out to supplement the experimental tests, 
possible amplification factors and criteria to be applied to the deformation capacities, elastic 
stiffnesses and lateral strengths of masonry walls obtained by reinforcing them with the Resisto 5.9 
system are proposed in this paragraph, compared with the values used for the corresponding 
unreinforced masonry walls. 

4.5.1 Wall deformation capacities 

Based on the calculations presented in the previous paragraph, the following deformation capacity 
increase values are proposed when reinforced with the Resisto 5.9 system, compared to the values 
used for the corresponding unreinforced masonry.  
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Regardless of the masonry bond, an amplification factor of 1.5 is considered for the deformation 
capacity at DLS for solid brick masonry, regardless of the failure mechanism and in the presence or 
absence of reinforcement system connection to the reinforced concrete elements, as justified in 
Figure 4.8 and Figure 4.12. For the same type of masonry but at the ultimate limit states (LSLS and 
CPLS), different multiplication factors are instead assumed depending on the failure mechanism, i.e. 
1.5 for shear failure and 1.0 for flexural mechanisms, as justified in Figure 4.9 and Figure 4.13. 

Similarly, a single multiplicative coefficient value at DLS is proposed for “double UNI” masonry, again 
equal to 1.5, as shown in Figure 4.10. The LSLS and CPLS also differ in this case according to the 
failure mechanism, with a value of 1.0 for buckling failures but also, in the case of shear failures, 
depending on the type of reinforcement system, assuming a value of 1.5 in the case of standard 
reinforcement and 1.25 for the sake of safety since in this case no experimental tests have been 
carried out, in the case of reinforcement also connected to reinforced concrete elements, as 
explained in Figure 4.11. 

 

 

Figure 4.8 Numerical values and regulatory proposal for deformation capacity increases at DLS in the case 
of solid brick masonry with “header” bond. 

 

  

Figure 4.9 Numerical values and regulatory proposal for deformation capacity increases at LSLS and CPLS 
in the case of solid brick masonry with “header” bond. 
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Figure 4.10 Numerical values and regulatory proposal for deformation capacity increases at DLS in the case 
of “double UNI” masonry with “Gothic” bond. 

 

  

Figure 4.11 Numerical values and regulatory proposal for deformation capacity increases at LSLS and CPLS 
in the case of “double UNI” masonry with “Gothic” bond. 
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Figure 4.12 Numerical values and regulatory proposal for deformation capacity increases at DLS in the case 
of solid brick masonry with “English” bond. 

 

 

Figure 4.13 Numerical values and regulatory proposal for deformation capacity increases at LSLS and CPLS 
in the case of solid brick masonry with “English” bond. 

 

4.5.2 Elastic wall stiffnesses 

As far as stiffnesses are concerned, the increase in initial elastic stiffness provided by the 
reinforcement systems is considered negligible given the high flexibility of steel frames with respect 
to the masonry walls to which they are connected and it is therefore recommended that no 
amplification coefficient be applied with respect to ordinary masonry walls. 

4.5.3 Wall strength 

As far as the increase in wall strength is concerned, it has been noted both experimentally and 
numerically that the reinforcement system provides a resistant contribution when it is able to 
effectively counteract the opening of the cracks. In this regard it is therefore necessary, in addition 
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to the anchoring being sufficiently rigid, that the crack forms in the portion of wall confined by the 
reinforcement system, which is why increases in strength cannot be obtained for example in the 
case of buckling mechanisms at the base of the wall in the presence of reinforcement not connected 
to the foundation. It appears evident that, regardless of the type of masonry and for both 
reinforcement systems, the resistant contribution provided by the frame depends solely on the 
maximum tensile force it is capable of developing at the moment when the wall begins to crack. On 
the contrary, with the details currently proposed, the shear contribution provided by any elements 
connecting to the reinforced concrete is negligible, which, given their high flexibility with respect to 
the masonry wall, could only begin to work in parallel with the wall when the latter is already cracked 
and its stiffness sufficiently reduced, therefore certainly after the peak force. Among other things, the 
deformations reached at that point by the system could have already damaged the connection details 
too much, thus preventing the shear contribution, which for these reasons is neglected for the sake 
of safety, in this numerical study. 

A simplified calculation criterion is therefore proposed for evaluation of the resistant contribution of 
the reinforcement system, with and without connection to the reinforced concrete elements, as the 
collapse mechanism of the reinforced wall varies. 

4.5.3.1 Buckling strength 

On the basis of the results of the experiments and numerical research, it is considered that the in-
plane bucking strength of walls reinforced with the Resisto 5.9 system by means of a solution 
connected to the r.c. edge elements can be increased, compared to that of the same unreinforced 
masonry, by a value of ∆𝑀𝑢,𝑟, as shown in the expression (4.1): 

𝑀𝑢,𝑟 = 𝑀𝑢 + ∆𝑀𝑢,𝑟  = (𝑙2𝑡
𝜎0

2
) (1 −

𝜎0

0.85𝑓𝑑
) + ∆𝑀𝑢,𝑟 (4.1) 

where 𝑀𝑢 is the resistant moment of unreinforced masonry walls (as per NTC 2018, § 7.8.2.2.1.), 𝑙 
and 𝑡 are the length and thickness of the walls, 𝜎0 is the average vertical tension and 𝑓𝑑  is the 
compressive strength of the design masonry. The value of the increase in the bucking strength 
∆𝑀𝑢,𝑟, which should strictly be defined as a function of the evolution of the tension state of the 

metallic elements (similarly, for example, to the case of reinforced masonry walls, see Figure 4.14) 
can also be evaluated in a simplified manner by means of the following expression, which for the 
sake of safety does not take into account the contributions of the intermediate anchors (in any case 
negligible compared to the contribution of the outermost tensioned anchor): 

∆𝑀𝑢,𝑟 = 𝐹𝑟𝑣
̅̅ ̅̅ ∙ 𝑖 (4.2) 

where i is the spacing between the two outermost vertical posts of the steel frame (taken in relation 

to the vertical line of the anchors in the masonry) and 𝐹𝑟𝑣
̅̅ ̅̅  is the vertical tensile force in these 

elements. 

 

 

Figure 4.14 Calculation diagram for the rigorous evaluation of buckling strength in reinforced or reinforced 

masonry, where the force values 𝐹𝑟𝑣𝑖
̅̅ ̅̅ ̅ depend on the tensional state in the elements. 
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In the simplified formulation proposed, the value of the vertical tensile force 𝐹𝑟𝑣
̅̅ ̅̅  acting in the metal 

elements is assumed to be equal to the maximum tensile force that can be withstood by the system, 
based on its characteristics, and is therefore evaluated as the lesser of: 

• The tensile strength of the vertical member; 

• The tensile strength of the bolted connection between the frame modules, to be assessed 
according to the number of bolts, the tensile strength of the individual bolt and the puncture 
strength of the plate; 

• The strength in the vertical direction of the connections to the edge elements (foundation and 
kerb). 

• The strength in the vertical direction of the anchoring system between the reinforcement and 
masonry. 

The maximum vertical force that can be withstood by each anchoring is assumed to be the lesser 
of: 

• The shear strength of the anchoring (to be determined by appropriate in situ tests or from the 
epoxy resin manufacturer's data sheets); 

• The bearing strength of the member at the section weakened by the hole for the anchoring 
bar section. 

It should be noted that the vertical strength of the connection to the edge elements must be evaluated 
according to the details of the solution adopted on a case by case basis (based on the structural 
characteristics of the individual reinforced building). In particular, it must be assessed considering 
the tensile strength and/or puncture strength of the plates, the shear and/or tensile strength of the 
bolted connections, the shear and/or tensile strength of the welds, the shear or tensile strength 
(depending on the solution adopted) of the anchorages to the reinforced concrete elements. 

We would like to reiterate that the increase in the strength to buckling ∆𝑀𝑢,𝑟 can only be assumed in 

the case of a reinforcement solution connected to the reinforced concrete edge elements. In the 
case of an unconnected solution, one must instead assume ∆𝑀𝑢,𝑟 = 0. 

4.5.3.2 Shear strength 

Similarly, the in-plane shear strength of walls reinforced with Resisto 5.9 can be increased, 
compared to that of unreinforced masonry, by a value equal to ∆𝑉𝑡,𝑟  as shown in the following 

expression: 

𝑉𝑡,𝑟 = 𝑉𝑡 + ∆𝑉𝑡,𝑟 (4.3) 

in which 𝑉𝑡  is the shear strength of an unreinforced masonry wall calculated using the expressions 
of NTC 2018 and Circular 7/2019 and ∆𝑉𝑡,𝑟 is the amplification of the shear strength provided by the 

reinforcement, which can be calculated according to the expression (4.4): 

∆𝑉𝑡,𝑟 =
∆𝑀𝑢,𝑟

ℎ0
+  

∆𝑀𝑡,𝑟

ℎ0
 (4.4) 

where ∆𝑀𝑢,𝑟 is the increase in strength offered by the connection to the reinforced concrete edge 

elements (in this regard, see the description given above regarding the increase in buckling 
strength), ∆𝑀𝑡,𝑟 is the increase in strength offered by the connection to the masonry, while ℎ0 is the 

distance from the inflection point to the verification sections (which varies according to the panel's 
constraint conditions). 

The value of the increase in strength ∆𝑀𝑡,𝑟 can be evaluated in a simplified manner, similarly to what 

has been proposed for the increase due to the connection to the reinforced concrete elements, by 
means of the following expression: 

∆𝑀𝑡,𝑟 = 𝐹𝑟𝑡
̅̅ ̅̅ ∙ 𝑖 (4.5) 

where i is still the spacing between the two outermost vertical posts of the steel frame (taken in 

relation to the vertical line of the anchors in the masonry) and 𝐹𝑟𝑡
̅̅ ̅̅  is the vertical tensile force in these 

elements. 
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The value of the vertical tensile force 𝐹𝑟𝑡
̅̅ ̅̅  acting in the metal elements is assumed to be equal to the 

maximum tensile force that can be withstood by the system, based on its characteristics, and is 
therefore evaluated as the lesser of: 

• The tensile strength of the vertical member; 

• The tensile strength of the bolted connection between the frame modules, to be assessed 
according to the number of bolts, the tensile strength of the individual bolt and the puncture 
strength of the plate; 

• The strength in the vertical direction of the anchoring system between the reinforcement and 
masonry. 

The maximum vertical force that can be withstood by each anchoring is assumed to be the lesser 
of: 

• The shear strength of the anchoring (to be determined by appropriate in situ tests or from the 
epoxy resin manufacturer's data sheets); 

• The bearing strength of the member at the section weakened by the hole for the anchoring 
bar section. 

In the event that the reinforcement solution adopted does not provide for connection to the reinforced 

concrete edge elements, the relative contribution of increased strength 
∆𝑀𝑢,𝑟

ℎ0
 must obviously be 

ignored. 

Figure 4.15, Figure 4.16 and Figure 4.17 report the comparisons for the three masonry types 
considered of the strength values attained in the numerical analyses and those calculated using the 
simplified approach described above. As can be seen, the results are in excellent agreement, with 
the calculation being sufficiently precise and at the same time practically always in favour of safety. 

 

  

Figure 4.15 Comparison of the strengths (expressed in kN) obtained in numerical analyses and with the 
proposed calculation method relative to solid brick masonry with “header” bond. 
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Figure 4.16 Comparison of the strengths (expressed in kN) obtained in numerical analyses and with the 
proposed calculation method relative to “double UNI” masonry with “Gothic” bond. 

  

Figure 4.17 Comparison of the strengths (expressed in kN) obtained in numerical analyses and with the 
proposed calculation method relative to solid brick masonry with “English” bond.  



 Study of the seismic behaviour of load-bearing masonry reinforced with modular steel 
cladding 

 

50 

5 TWO-STOREY CONFIGURATION 

Once the effects of the reinforcement system on the in-plane response of individual pier elements 
was studied, as described in the previous chapters, attention was then turned to the study of the 
behaviour of the reinforcement system applied to a case study closer to the constructional reality. In 
particular, a two-storey wall in solid brick and lime mortar masonry with “header” bond was modelled 
in 3DEC (DEM). The numerical response obtained was compared with that of an equivalent frame 
model (EFM) of the same wall, analysed with the PRO_SAM software, a module for the seismic 
analysis of masonry buildings of commercial program PRO_SAP (2Si), which makes use of the SAM-
II solver (Manzini et al., 2019). 

 

5.1 Description of the case study 

The wall was defined by placing side by side on each storey two pier elements characterised by a 
geometry already used in the models described in the previous chapters. Specifically, the “squat” 
wall UBPS01 and the “slender” wall UBPS02, both with a height of 2.435 m, were considered. 

At each level of the wall, the two panels (characterised by a length of 2.330 m and 1.315 m 
respectively and a thickness of 0.250 m) were separated by an opening with a span of 1.000 m and 
connected at the top by two reinforced concrete kerbs, one for each storey, with a height of 0.400 m 
and a thickness equal to that of the masonry. The height of the kerbs was assigned so as to achieve 
sufficient coupling between the two bays in the response of the system to lateral loads.  

The value of the vertical load acting on the masonry at the two levels of the wall was determined 
realistically, assuming a slab span of 6.000 m and a total load on the slab (including the self-weight 
of the kerbstones) of 10 kN/m2, thus considering a uniformly distributed load equivalent at each level 
of the wall of 60 kN/m. 

The mechanical properties of the masonry were assumed based on the results of characterisation 
tests carried out during the experimental campaign conducted; (see previous paragraph 2.2, with 
reference to the properties of brick masonry). The kerbs were instead considered as infinitely elastic, 
assuming an elastic modulus of 40 GPa. 

With regard to the reinforcement system, the modular frame configurations used for reinforcing pier 
elements RBPS01 and RBPS02 during the experimental tests were considered, adopting the 
geometric and mechanical properties described with reference to the brick masonry in paragraph 
2.3. In addition, in order to simulate a realistic reinforcement intervention on an entire façade of a 
multi-storey building, an additional module (again with the same characteristics) was inserted 
straddling the kerb of the first horizontal structure in order to ensure continuity between the two 
storeys. Attention was paid in particular to the reinforcement solution not connected to the reinforced 
concrete edge elements. (foundation and kerb at the top). 

The DEM and EFM models were defined with reference to the geometric dimensions, loading 
condition and mechanical properties of the materials defined above. 

 

5.2 Description of the DEM model 

Please see chapter 2 for details on DEM modelling. 

Figure 5.1 shows DEM model images of the unreinforced wall (UBPS2P) and reinforced wall 
(RBPS2P); a diagram of the applied modular reinforcement system is also shown. 
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UBPS2P RBPS2P 

Figure 5.1 DEM models (3DEC) of unreinforced (UBPS2P) and reinforced (RBPS2P) multi-storey walls. 

 

5.3 Description of the EFM model 

It should be noted that in the case of the EFM modelling using PRO_SAM, the metal modular frame 
was not explicitly modelled in the case of the reinforced wall: the influence of the reinforcement 
system on the global response of the wall was taken into account based on the interpretation of the 
results of the experimental tests carried out on single wall panels and of the numerical tests carried 
out as described above, increasing the performance of the reinforced pier elements with respect to 
the corresponding unreinforced panels. 

The deformable length of the pier elements and of the reinforced concrete kerbs of the wall was 
assumed to be equal to the net height of the intermediate floor (therefore net of the height of the 
kerbs) and to the span of the openings, respectively.  
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In defining the distribution of the gravity loads applied to the model: 

• The contributions associated with the floor loads (including the own weight of the kerbs) are 
considered as concentrated loads at the upper end nodes of the pier elements;  

• The contributions associated with the self-weight of the bays are considered as concentrated 
loads at the upper and lower end nodes, with reference to the portions of each element 
included between the respective barycentre level of the floor and the inter-storey level;  

• The loads corresponding to the self-weight of the portion of load-bearing structure at the foot 
of the building (for a height equal to half of the first inter-storey) are considered to be directly 
discharged into the foundation and are therefore not considered for the purpose of defining 
the “seismic” weights; 

• The masses, considered concentrated at the upper and lower end nodes of the vertical axis 
elements, are obtained by dividing the resultant of the load acting at each node (including 
the contributions transmitted by any reinforced concrete beams) by the value of the 
acceleration of gravity. 

PRO_SAM performs these operations automatically by means of a preliminary analysis of the loaded 
model.  

In the evaluation of the stiffness of masonry and reinforced concrete elements, the effect of section 
partialization was taken into account by applying a 50% reduction in the geometric properties 
(moment of inertia and shear area) of the fully reacting sections. Based on the results of the 
experimental tests performed (Manzini et al., 2022) and in light of the results of the numerical 
simulations conducted on DEM models of individual panels (see chapters 3 and 4), no change in the 
stiffness of the wall panels was introduced in the analysis of reinforced wall RBPS2P compared to 
unreinforced wall UBPS2P. 

The formulation of equation [7.8.2] of the NTC 2018 was adopted for evaluation of the buckling 
strength of unreinforced pier elements, while the shear strength was evaluated by means of the 
formulation proposed for the diagonal cracking of a regular-bonded masonry in equations [C8.7.1.17] 
and [C8.7.1.18] of Circular 7/2019. In the analysis of the reinforced wall, the increases in strength 
provided by the reinforcement system illustrated in the previous paragraph 4.5.3 are disregarded. It 
should be noted that this assumption is in any case to the benefit of safety.  

For pier elements, elastic-perfectly plastic elastic-perfectly plastic constitutive bonds with no work 
hardening were assumed for the pier elements, with a deformation limit (see Figure 5.3). The last 

deformation is normally defined in terms of angular deformation (“chord rotation”)  =  + , the sum 

flexural  and shear deformation , as schematized in Figure 5.2. 

 

 

Figure 5.2 Definition of “chord rotation” θ. 

 

The deformation limits of the unreinforced pier elements and the corresponding reinforced panels, 
summarised in Table 5.1, were assigned according to the requirements of the NTC 2018 and Circular 
7/2019 and based on the results of the numerical-experimental campaign, respectively. 
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Table 5.1. Deformation limits adopted for masonry elements in EFM numerical analyses 

Wall Unreinforced Reinforced 

DLS 0.2% H (0.2·1.5)% H 

CPLS – buckling 
1.0% H 𝜈 ≤ 0.2 1.0% H 𝜈 ≤ 0.2 

1.25% (1-𝜈) H 𝜈 > 0.2 1.25% (1- 𝜈) H 𝜈 > 0.2 

CPLS – shear 0.5% H (0.5·1.5)% H 

Note: H effective height of the element 

 

 

a) 

 

b) 

Figure 5.3 Elasto-plastic behaviour of the masonry panel element: a) in bending; b) in shear. 

 

The kerbs were instead considered as infinitely elastic elements. 

Figure 5.4 illustrates the EFM model of unreinforced wall UBPS2P. 

 

  

Figure 5.4 EFM model (PRO_SAM) of the unreinforced multi-storey masonry wall (UBPS2P): solid and 
centreline view of elements.  
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5.4 “Pushover” curve and comparison 

The behaviour of the structure under examination subjected to seismic action was evaluated by 
means of non-linear static analyses (“pushover”). Specifically, the analysis adopted a triangular 
distribution of horizontal forces, which were applied at the barycentric height of the kerbs (2.635 m 
and 5.470 m, respectively). The intensity of the force at the second level was assumed to be twice 
that at the first level. For simplicity, only one thrust direction was considered, as shown in Figure 5.1. 

The results in terms of pushover curves on the two unreinforced (UBPS2P) and reinforced (RBPS2P) 
configurations obtained with the two modelling approaches (DEM and EFM) are shown in Figure 
5.5. It can be seen that the increase in ultimate deformation capacity guaranteed by the presence of 
the reinforcement is evident in both software while, as explained in the previous paragraph, the 
resistant contribution provided by the reinforcement system is only taken into account in the DEM 
model. In this case, the reduced increase in ultimate strength is motivated by the failure mechanisms 
of the walls at the base, which can be deduced from the two details of the damage shown in Figure 
5.6, such that only in the “slender” wall (characterised by shear failure) is the frame able to contribute, 
in line with the explanation provided in paragraph 4.5.3.2. Note that the actual failure mechanisms 
in the DEM model also influence the increase in deformation capacity, which could be more 
pronounced if all the walls were characterised by shear failure. 

 

  

Figure 5.5 DEM (left) and EFM (right) pushover curves of models UBPS2P and RBPS2P. 

 

 
UBPS2P 

 
RBPS2P 

Figure 5.6 Comparison of the DEM details of the damage of the two configurations. 
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Figure 5.7 instead shows comparisons, again in terms of pushover curves, between the two 
modelling approaches (DEM and EFM) on both configurations. It can be seen that the results are in 
excellent agreement with each other both in terms of strength, minus the contribution of the steel 
frame as explained above, and in terms of deformation capacity. In this regard, it is interesting to 
note that the ultimate capacities imposed in the EFM model are actually consistent with what occurs 
in the DEM model since they always correspond to evident strength degradations in the pushover 
curve. 

 

  

Figure 5.7 Comparison in terms of pushover curves between DEM and EFM models on UBPS2P (left) and 
RBPS2P (right). 
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6 CONCLUSIONS 

The report describes the results of a numerical study, part of experimental and numerical research 
conducted at the EUCENTRE Foundation aimed at evaluating the in-plane seismic behaviour of an 
innovative modular steel reinforcement system for load-bearing masonry (Resisto 5.9) designed by 
Progetto Sisma s.r.l.. 

The numerical part consisted of an initial calibration phase of the main parameters of the masonry 
considered (i.e. the two types of masonry experimentally tested: one solid brick masonry and one 
“double UNI” semi-hollow block masonry) and of the various elements of the reinforcement system, 
starting from the results of the characterisation tests. Then, this calibration was verified and 
optimised following the numerical reproduction of experimental cyclic compression-shear tests in the 
plane through cyclic analyses. 

The calibrated models were then used for a series of numerical analyses on both reinforced and 
unreinforced walls, which allowed a generalisation of the results obtained on the individual 
experimental specimens. In fact, by virtue of a larger and more significant sample of masonry walls, 
a better understanding of the behaviour of the system and a complete assessment of the seismic 
performance of the two proposed reinforcement solutions, that is with and without connection to the 
floor kerbs and to the reinforced concrete foundation, is possible. 

In this regard, when generating the specimens to be considered in the parametric analyses, it was 
decided to vary some parameters with respect to the reference tested walls, such as the geometry 
(with two lengths, one about half the length, the other about twice the length of the “squat” specimens 
tested), the vertical load applied (with two load levels, one greater and one lesser than that applied 
experimentally), the strength of the masonry (defining two sets of properties for each masonry based 
on the minimum and maximum values of the ranges proposed by the 2019 Circular) and the 
constraint conditions (i.e. “corbelled” - 'V2' and “double restraint”). A variation of the masonry bond 
was also proposed, limited to solid brick masonry, considering an “English” bond in addition to the 
“header” framework.  

These parametric analyses carried out in monotonic mode (“pushover analysis”) made it possible in 
particular to evaluate the effect of the modular reinforcement system on the most important seismic 
parameters of interest for seismic design/verification, such as elastic stiffness. lateral strength and 
deformation capacity. In detail, representative drifts of the different Limit States defined by the 
national regulations in force (NTC 2018) were considered or, more precisely, the deformation 
capacity corresponding to the maximum force associated with the Damage Limit State (DLS), that 
at 20% degradation after the peak, associated with the Life-Safety Limit State (LSLS) and an ultimate 
deformation capacity corresponding to the Collapse Prevention Limit State (CPLS), evaluated as 4/3 
of the value at 20% degradation post-peak. 

In general, the numerical results substantially confirm what emerged from the experimental tests, 
also making it possible to define some aspects that could not be fully understood in the experimental 
phase. First of all, as far as stiffnesses are concerned, the increase in initial elastic stiffness provided 
by the reinforcement systems is considered negligible given the high flexibility of steel frames with 
respect to the masonry walls to which they are connected and it is therefore not considered at the 
level of the regulatory proposal. 

On the other hand, with regard to the increase in strength of the reinforced walls with respect to the 
unreinforced walls, the numerical analyses have made it possible to better understand the 
mechanisms that regulate it and therefore to extend the increase in strength to both types of masonry 
tested, both in the case of shear and buckling cracks. A simplified, reliable and generally pro-safety 
calculation criterion was therefore proposed for evaluation of the resistant contribution of the 
reinforcement system, with and without connection to the reinforced concrete elements, as the failure 
mechanism of the reinforced wall varies. 

Finally, considering the deformation capacity, it is confirmed that the reinforcement system 
substantially improves the in-plane behaviour of the walls in relation to both ultimate limit states 
(LSLS, CPLS) and at DLS. The following increase values are therefore proposed based on the 
numerical results attained in the presence of reinforcement, with respect to the values used for the 
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corresponding unreinforced masonry. Regardless of the masonry bond, a factor of 1.5 is considered 
for the deformation capacity at DLS for solid brick masonry, regardless of the failure mechanism and 
in the presence or absence of reinforcement system connection to the reinforced concrete elements. 
For the same type of masonry but at the ultimate limit states (LSLS and CPLS), different 
multiplication factors are instead assumed depending on the failure mechanism, i.e. 1.5 for shear 
failure and 1.0 for flexural mechanisms. Similarly, a single multiplicative coefficient value is proposed 
at DLS  for “double UNI” masonry, again equal to 1.5, while at LSLS and CPLS it also differs 
according to the failure mechanism, with a value of 1.0 for buckling failure but also, in the case of 
shear failure, depending on the type of reinforcement system, assuming a value of 1.5 in the case 
of standard reinforcement and 1.25 in the case of reinforcement also connected to reinforced 
concrete elements. 

It should also be noted that these multiplicative factors are further in favour of safety as they are 
derived from monotonic pushover analyses and not from cyclic analyses, which would lead to more 
rapid and marked degradation, especially in the case of unreinforced walls and, as a result, to even 
greater differences in deformation capacity in favour of reinforced walls. 

The possibility of studying a possible improvement of the anchoring system to be applied to more 
fragile masonry, such as that in brick and lime mortar masonry, was also hypothesised following the 
experimental tests, in order to improve the effectiveness of the reinforcement system. A possible 
variation of the stiffness and resistance characteristics of the anchors to the masonry was then 
considered at a numerical level: it can be seen that an increase in the stiffness of the anchoring for 
both types of masonry would seem to lead to a greater effectiveness of the reinforcement system, 
with an evident increase in the deformation capacity at DLS, while an increase in the resistance of 
the individual anchors permits a higher lateral resistance to be achieved, in line with what was 
estimated with the proposed calculation method. 

In conclusion, it is considered that the results of the numerical activities discussed in this report may 
constitute a valid reference for the definition of Guidelines for the design, analysis and verification of 
masonry walls reinforced with the Resisto 5.9 system   
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