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Abstract 

Experimental in-plane quasi-static cyclic tests were performed on unreinforced masonry piers 
to investigate the effectiveness of an innovative retrofit solution. The retrofit consists of modu-
lar steel frames fastened to the external surface of masonry walls. Notwithstanding the prom-
ising results obtained, they inevitably refer to the specific details of the tested specimens. 
Advanced and validated numerical models might extend the experimental outcomes enabling 
a comprehensive study on the retrofit effectiveness. In this paper, numerical models based on 
the Distinct Element Method are employed to simulate the lateral response of unreinforced 
and retrofitted masonry piers. All mechanism typical of the in-plane failure of masonry mem-
bers are included in the models, while a new methodology to account for the contribution of 
retrofit frames is presented. Numerical outcomes revealed a good prediction in terms of lat-
eral stiffness, lateral strength, and damage pattern for unreinforced and strengthened speci-
mens, enabling the use of the developed models for a parametric analysis to extensively study 
the behavior of strengthened piers as well as to optimize retrofit details. 

Keywords: Numerical Modelling, Distinct Element Method, Framed Retrofit System, Unre-
inforced Masonry, In-Plane Lateral Response. 
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1 INTRODUCTION 

The first and essential step to evaluate the effectiveness of newly proposed retrofit solu-
tions in enhancing the seismic response of existing structures is represented by experimental 
testing. The retrofit system Resisto 5.9, designed by the company “Progetto Sisma”, under-
went an extensive experimental investigation in 2020-2021 at the EUCENTRE and University 
of Pavia laboratories, Italy. Quasi-static in-plane cyclic tests were performed on unreinforced 
and retrofitted piers with different masonry typologies typical of Italian existing constructions 
[1,2]. The retrofit system consists of modular steel frames integrated with thermal insulation 
coatings, and connected to the masonry external surface. It aims at enhancing the wall in-
plane response, but also at improving the connection between orthogonal walls as well as lim-
iting wall out-of-plane overturning. The retrofit was conceived as an integrated solution able 
to fulfil, in addition to structural aspects, “modern" requirements such as energy-efficiency, 
light weight, cost-effectiveness, and ease of installation [3–7]. 

Notwithstanding the promising enhancement of the pier in-plane capacities observed in the 
dedicated experiments, the achieved results refer to the specific properties of the tested spec-
imens (e.g. masonry material properties, pier aspect ratios, vertical load, retrofit details …). In 
this regard, reliable and validated numerical models represent a valid option to extend exper-
imental outcomes to achieve a thorough insight into the performance of the investigated retro-
fit solution. Among the various modelling strategies employed in literature, the Distinct 
Element Method (DEM) [8], has been demonstrated to be a suitable micro-modelling ap-
proach for the simulation of the response of URM structures [9–14]. However, limited appli-
cations about the integration of possible strengthening solutions in the same numerical 
environment have been carried out so far. 

In this contribution, distinct element models were developed to simulate the experimentally 
observed in-plane response of unreinforced and retrofitted masonry piers. The models, built 
using the software 3DEC [15], are able to account for the several aspects that influence the in-
plane response of masonry elements, such as mortar joint opening and dislocation, unit tensile 
failure and masonry crushing under high-compressive stresses. Note that, of the various ma-
sonry typologies tested within the experimental campaign, only one was considered herein, 
consisting of solid clay bricks and lime mortar assembled in a header bond pattern. Retrofit 
frames and their connection with the masonry were explicitly modelled using finite elements 
and nonlinear structural links, as recently proposed by Damiani et al. [16]. Monotonic loading 
schemes and a dynamic relaxation approach, alongside time, size and mass scaling techniques, 
were used to reduce the computational effort. 

After validating the adopted numerical strategy against the experimental outcomes, the de-
veloped models were used to perform additional analyses aimed at further investigating the 
retrofit effectiveness on the in-plane behavior of masonry walls. The performed analyses in-
cluded different combinations of overburden loads and retrofit details, such as the connections 
between retrofit and adjacent floors. It is worth to notice that the parametric study presented 
in this contribution represents only a preliminary part of a still ongoing extensive numerical 
exercise that will be object of future publications. 

2 DESCRIPTION OF THE ADOPTED NUMERICAL STRATEGY 

In the present section, the major aspects of the numerical strategy adopted to replicate the 
in-plane quasi-static behavior of both unreinforced and strengthened masonry members is 
provided. Comprehensive details about the adopted assumptions and formulations, as well as 
a further discussion on the entire set of employed parameters, can be found in [16]. 
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2.1 Unreinforced masonry modelling using DEM 

In this work, a simplified micro-modelling strategy based on DEM was employed. Accord-
ing to this approach, masonry units are modelled as rigid or deformable continuum blocks, 
while zero-thickness nonlinear spring layers provide the connection between units (Figure 1). 
In case of deformable blocks an internal discretization (or mesh) is required to capture unit 
deformability. In this work, units were discretized into multiple hexahedral finite-difference 
regions, formed of two set of five overlapping constant-strain tetrahedral elements [17]. 

 
Figure 1: Discretization of masonry according to DEM. 

The mechanical properties of unit-mortar interfaces (i.e. normal stiffness kn, bond tensile 
strength ftmo, shear stiffness ks, cohesion c, and friction angle ϕ) were lumped into the zero-
thickness interfaces as shown in Figure 1. A Coulomb-slip model was employed to represent 
the joint (or contact) shear behavior (Figure 2a). In the normal direction joint tensile failure 
was admitted, while joint compressive limit was not specified (Figure 2b). The normal and 
shear joint stiffness were evaluated as kn = Emo / tmo and ks = Gmo / tmo [11,16], where Emo and 
Gmo are the mortar elastic and shear moduli, and tmo is the thickness of mortar joints. The 
adopted joint constitutive laws account for post-peak softening regimes through the definition 
of shear (Gs) and tensile (Gtj) fracture energies [13]. 

 
Figure 2: Constitutive laws: joint shear (a) and tensile (b) behavior; (c) block tensile and compressive behavior. 

Since no compressive failure was admitted at the unit-mortar interfaces, a Mohr-Coulomb 
plasticity model was assigned to the blocks to account for both masonry crushing under high-
compressive stresses and unit tensile failure (Figure 2c). The compressive behavior was mod-
elled using a linearized version of the Feenstra and De Borst strain-softening model [14]. The 
model assumes a bi-linear stress-strain relationship up to the peak strain εp = 4fcm /3Eb, where 
fcm is the masonry compressive strength and Eb is the unit elastic modulus. After the peak val-
ue, the strength linearly decreases until it reaches a small residual value at the ultimate strain 
εc,u = εp + 3Gc / 2fcm h, where Gc is the fracture energy of masonry in compression while h is 
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the crack bandwidth. The unit tensile behavior was replicated using a linear strain-softening 
law [16]. After the peak strain, the tensile strength ftb linearly reduces to zero at the ultimate 
tensile strain εt,u = 2Gtb / ftb h, where Gtb is the tensile fracture energy of the masonry units. 

2.2 Retrofit system modelling 

The retrofit at issue consists of steel frames connected to the masonry through chemical 
anchors and to each other through steel bolts [1,2]. The frames include L-shaped border pro-
files, and horizontal and diagonal bracings made of thin plate sections. Figure 3a summarizes 
the typical dimensions and components of a retrofit module. Each member was modeled as a 
one-dimensional beam finite element (FE) with linear elastic behavior. To consider buckling 
of plate elements, a sinusoidal deformation with a 1-mm amplitude was pre-imposed to each 
brace at the crossing points of the diagonal braces and mid-length of the horizontal ones [16]. 
Pre-deformed FE beams are shown as dashed lines in Figure 3b. Rigid links were used to 
model connections between adjacent steel modules. An elastic modulus of 210 GPa, a Poisson 
coefficient of 0.30, and a density of 7850 kg/m3 were assigned to the FE beams. 

 
Figure 3: Retrofit system modelling: (a) layout and steel module details; (b) numerical layout. 

The connections between the steel frames and masonry were simulated using nonlinear de-
formable links that connected the FE beams to the blocks. Each link was assigned a shear-
yield model for the three translational degrees of freedom, while the rotational ones were left 
free. The behavior of the links in the two directions in the masonry pier plane (x, z) was de-
termined based on the results of shear tests conducted on retrofit-to-masonry anchors (Figure 
4). Likewise, based on the results of extraction tests, a bilinear force-displacement rule was 
assigned to the links along the pier out-of-plane direction (y) [16]. 

 
Figure 4: Numerical behavior of retrofit-to-masonry connections. 
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3 MODEL VALIDATION AGAINTS EXPERIMENTAL DATA 

The proposed modelling strategy was verified against the experimental data coming from 
quasi-static in-plane cyclic tests performed on identical masonry piers in unreinforced (U) and 
retrofitted (R) conditions. Note that among the tested piers, only one was considered in this 
contribution. The masonry pier consisted of 120 x 250 x 55 mm clay bricks and 10-mm thick 
mortar joints (tmo) assembled in a single-wythe header bond pattern, resulting in height H = 
2435 mm, length L = 2330 m, and thickness t = 250 mm. Unreinforced and retrofitted coun-
terparts were tested under an overburden stress σv = 0.50 MPa and double-curvature boundary 
conditions. Table 1 summarizes the masonry mechanical properties assigned in the models. 
Comprehensive details about the values assigned to the different parameters can be found in 
[16]. Moreover, regarding the experimental retrofit scheme, no connection was considered 
between the steel frames and the reinforced concrete (RC) top beam and foundation [1,2]. 

Masonry  
&  

Units 

Em 
[MPa] 

fcm 

[MPa] 
ρm 

[kg/m3] 
Eb 

[MPa] 
ftb 

[MPa] 
Gc 

[N/m] 
Gtb 

[N/m] 
4265 7.03 1300 7207 1.79 11248 60 

Joints 
kn 

[GPa/m] 
ks 

[GPa/m] 
c 

[MPa] 
ϕ 

[°] 
ftmo 

[MPa] 
Gs 

[N/m] 
Gtj 

[N/m] 
126 50 0.15 31.38 0.05 50 10 

Table 1: Masonry material properties assigned in the models [16]. 

3DEC is based on a dynamic time-integration algorithm that solves the equations of mo-
tion by an explicit finite-difference method. In this work, quasi-static phenomena were solved 
by damping the equations of motion to quickly reach a force equilibrium state by employing a 
numerical servo-mechanism, called adaptive global damping [11,15,18]. Size, density and 
time-scaling techniques were also employed to obtain a compromise between the accuracy of 
results and the computational expense. Units were discretized according to the strategy recent-
ly proposed by Damiani et al. [16], resulting in 8x1x4 and 2x1x1 meshes for the “corner” and 
“central” pier regions, respectively. Note that the notation employed above indicates the num-
ber of hexahedral regions employed along the unit length, thickness and height (Figure 1).  

The reinforced-concrete (RC) top beam and foundations were modeled as blocks with a 
linear elastic behavior (E = 40 GPa), while the application of the overburden load was simu-
lated by assigning an equivalent density to the RC top beam. Pier lateral displacements were 
induced by incrementally applying multi-stepped velocity histories to the RC top beam. The 
velocity was increased gradually, leading to a displacement of 1 mm in 0.135 sec. After each 
1-mm displacement, an equilibrating phase occurred [11]. Note that in this contribution, only 
monotonic loading schemes were employed. However, for the complete set of numerical re-
sults, including the simulation of pier cyclic responses and of the other masonry typologies 
tested during the same experimental campaign, the reader is referred to [16]. 

Figure 5 compares the experimental and numerical outcomes in terms of force-drift ratio 
(or displacement) envelopes and failure modes. Drift ratios (θ) were computed dividing the 
imposed lateral displacement by the pier height. Notwithstanding the underestimation of the 
pier peak strengths, numerical models resulted in a good prediction of the pier experimental 
responses. In particular, the retrofit was able to increase the pier drift-ratio capacity, counter-
ing the opening of cracked mortar joints and delaying the strength degradation exhibited by 
the unreinforced counterpart, as observed in the experiments [1,2]. Note that in the displayed 
numerical crack patters, joint relative displacements were reported with the same order of 
magnitude to clearly appreciate the retrofit influence. 
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Figure 5: Experimental vs numerical outcomes: (a) unreinforced pier force-displacement envelopes; (b) retrofit-

ted pier force-displacement envelopes; (c) damage patterns. 

In the experiments, the unreinforced and retrofitted piers achieved maximum drift ratios of 
0.25% and 0.97%, respectively. Looking at the numerical outcomes, the bare and retrofitted 
piers exhibited ultimate drift-ratio capacities (θu) of respectively 0.41% and 1.50%, evaluated 
at a strength drop of around the 20% of the maximum strength. Although numerical models 
overestimated the experimental drift-ratio capacities (likely due to the monotonic loading and 
underestimation of the peak strength), the retrofit effectiveness was adequately captured. In-
deed, the retrofit system increased the numerical drift-ratio capacity of the unreinforced pier 
by a factor of 3.66, closely matching the experimental value of 3.88. 

4 PARAMETRIC ANALYSIS 

In this section, the proposed numerical strategy was employed to perform additional anal-
yses varying some fundamental factors to further assess the retrofit performance, extending 
the available experimental outcomes. Two main aspects were investigated, i.e., the level over-
burden stress (σv) and the effects of retrofit-to-floors connections. Note that only the experi-
mental boundary conditions and pier aspect ratio (H/L = 1.05) and were considered herein. 

Besides the experimental overburden σv = 0.50 MPa, two additional values of 0.30 MPa 
and 0.80 MPa were investigated. The considered values of σv corresponded to axial load ratios 
(σv /fcm) of respectively 4%, 7%, and 11%. While the reference experiments did not involve 
connecting the retrofit to the top and bottom RC elements representing floors or foundations 
(Figure 5), steel frames are typically applied to the entire facade of a masonry building in real 
applications to ensure the continuity of the intervention along the building's height (Figure 3a). 
To investigate the effects of connections to adjacent floors on the retrofitted pier responses, 
additional FE beams (representing L-shaped border profiles, see Figure 3) were defined to 
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extend the retrofit up to the top and bottom RC elements, as shown in Figure 6. The results of 
experimental shear tests performed on retrofit-to-RC anchors [1] were employed to define the 
nonlinear rule assigned to the newly defined links (Figure 6). 

 
Figure 6: Connected retrofit layout and numerical behavior of structural links.  

Monotonic pushover analyses were then performed for each of the 9 considered configura-
tions. During the analyses, three relevant parameters were monitored, i.e., the maximum base 
shear (Vmax), the associated drift ratio (θVmax), and the ultimate drift ratio (θu) assumed at a 
strength drop of around 0.2Vmax. Figure 7 reports the set of performed analyses. Herein, aster-
isk markers indicate the attainment of the maximum lateral force, while pier ultimate condi-
tions are identified by circle markers. The monitored quantities obtained for unreinforced 
piers (U) and retrofitted piers with non-connected (R) and connected (RCC) retrofit layout, 
are summarized quantitatively in Table 2. Herein, the effectiveness of the considered retrofit 
schemes is also reported and quantified as the ratio between the parameters obtained for retro-
fitted and unreinforced piers (identified as R/U, RRC/U and RRC/R). 

 
Figure 7: Numerical outcomes: (a) unreinforced vs retrofitted pier pushover curves; (b) influence of retrofit-to- 

floors connections. 

Overall, the retrofit did not alter the initial stiffness and failure mechanism of unreinforced 
piers, and delayed the joint opening and the strength degradation, in accordance with experi-
mental evidence. Looking first at the results related to the non-connected retrofit scheme re-
ported in Figure 7a, an appreciable improvement of the URM pier responses was observed, 
especially in terms of drift-ratio capacities. In this regards, it is possible to observe how retro-
fit performance benefits associated with θVmax and θu essentially decreased as the overburden 
load increased (Table 2). Small improvements of around 20% were also observed in terms of 
Vmax, although they could be biased by the peak strength underestimation exhibited by the un-
reinforced pier models (Figure 5a). 
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In Figure 7b the pushover curves obtained for the non-connected (R) and connected (RCC) 
layouts of the retrofit are compared to highlight the influence of the retrofit-to-floors connec-
tions, not directly addressed in the reference experimental campaign. Compared to the non-
connected configuration, the connection of the retrofit to the top and bottom RC elements re-
sulted in greater benefits in terms of Vmax and θVmax for all considered levels of σv, while, on 
the other hand, it led to an overall reduction of the ultimate deformation capacity as denoted 
by the RCC/R ratios reported in Table 2. 
 

σv  
[MPa] 

Parameter 
Pier configuration R/U  

[-] 
RCC/U  

[-] 
RCC/R  

[-] U R RCC 

0.30 

Vmax [kN] 119 138 165 1.16 1.39 1.20 

θVmax [%] 0.05 0.14 0.45 2.80 9.00 3.21 

θu [%] 0.28 2.05 1.38 7.32 4.93 0.67 

0.50 

Vmax [kN] 165 204 234 1.24 1.42 1.15 

θVmax [%] 0.07 0.24 0.62 3.43 8.86 2.58 

θu [%] 0.41 1.5 1.44 3.66 3.51 0.96 

0.80 

Vmax [kN] 241 291 300 1.21 1.24 1.03 

θVmax [%] 0.28 0.34 0.57 1.21 2.04 1.68 

θu [%] 0.45 1.23 1.13 2.73 2.51 0.92 

Table 2: Summary of numerical results and retrofit performance benefits. 

Overall, the performed numerical analysis confirmed the retrofit effectiveness observed in 
the experimental tests, revealing a substantial improvement of the fundamental parameters of 
the in-plane response of masonry piers, at least for the addressed masonry typology and pier 
aspect ratio. Among the monitored quantities, the ultimate drift-ratio capacity represents the 
most relevant parameter for practical design applications of this strengthening solution. The 
retrofit increased the ultimate drift-ratio capacity of URM piers by a factor ranging from 7.32 
to 2.73 in case of a non-connected scheme, while by a slightly lower factor ranging from 4.93 
to 2.51 for a connected layout. 

CONCLUSIONS 

In this paper, a numerical study was conducted to investigate the performance of a modular 
steel-based retrofit system on the in-plane lateral response of masonry piers. The retrofit solu-
tion involved modular steel frames connected to the masonry. Numerical models based on the 
Distinct Element Method were built and validated using the experimental results from quasi-
static in-plane cyclic tests performed on unreinforced and retrofitted piers. The developed 
models were able to simulate all the possible failure mechanisms of masonry members, and to 
explicitly include the contribution of the investigated retrofit solution. 

One of the different masonry typologies tested during the experimental campaign was con-
sidered in the study, consisting of solid clay bricks arranged in a header bond pattern. The in-
plane response of monotonically loaded masonry piers in both unreinforced and retrofitted 
configurations was investigated, assessing in particular the effect of the level of overburden 
load and the connection of retrofit frames to the adjacent floors, not addressed in the reference 
experiments.  

Although the numerical analyses presented in this contribution were associated with a spe-
cific masonry typology and a unique pier aspect ratio, they showed that the studied retrofit 
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was able to counter the development of damage in both mortar joints and units. This delayed 
the progressive strength reduction and significantly improved the drift-ratio capacities of all 
the tested piers, confirming the experimental results. The retrofit performance decreased as 
the vertical overburden increased, while the connection of the retrofit frames to the adjacent 
floors led to smaller retrofit benefits especially in terms of ultimate drift-ratio capacity, if 
compared to the non-connected retrofit layout tested within the experimental campaign. 

An ongoing extensive parametric study, object of future publications, will include addi-
tional combinations of other fundamental variables herein not addressed, such as different pier 
aspect ratios and masonry typologies, aiming at achieving a comprehensive insight into retro-
fit performance benefits. 
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