
NONLINEAR BEHAVIOR OF EXISTING MASONRY STRUCTURES: 
AN APPLICATION TO A CASE STUDY WITH DIFFERENT 

STRUCTURAL CONFIGURATIONS 

Roselena Sulla1, Michele D’Amato1, Rosario Gigliotti2, and Domenico Liberatore3 

1 DiCEM, Dept. of European and Mediterranean Cultures: Architecture, Environment and Cultural 
Heritage, University of Basilicata 
Via Lanera, Matera 75100, Italy 

e-mail: {roselena.sulla,michele.damato}@unibas.it 

2 DISG, Dept. of Structural and Geotechnical Engineering, Sapienza University of Rome 
Via Eudossiana 18, Rome 00184, Italy 
e-mail: rosario.gigliotti@uniroma1.it 

3 DSDRA, Dept. of History, Representation and Restoration of Architecture, Sapienza University of 
Rome 

Piazza Borghese 9, Rome 00186, Italy 
e-mail: domenico.liberatore@uniroma1.it 

Abstract 

Numerical simulations and computational methods are directly connected to structures 
strength models and modeling criteria. This work refers to masonry elements, in particular to 
the piers and spandrels strength models according to the Italian Design Code. These models 
are firstly reviewed in a dimensionless form, then applied to a parametric analysis comparing 
the results obtained by varying masonry strength and in-plane floor flexibility. The masonry 
buildings seismic behavior is analyzed by performing pushover analyses according to the 
equivalent frame model on an ideal case study, which is replicated with the same geometric 
and dimensional characteristics but with different masonry types and floor behaviors. The aim 
is to evaluate the influence of masonry strength and floor stiffness on the global response. Fi-
nally, fragility curves are derived and compared to literature ones. 

Keywords: Existing Masonry Structures, Fragility Curves, Numerical Methods, Pushover 
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1 INTRODUCTION 
A significant part of the architectural heritage that characterizes the Italian territory includes 

buildings having a masonry structure of different types (e.g., brick masonry, stone masonry, 
etc.), and each of them corresponds to a different compressive strength. In particular, the ma-
sonry type, as well as the floor stiffness, could affect the constructions response to seismic 
action. This behavior could be assessed through several numerical methods: one example is 
presented in [1], where an existing brick masonry church is considered as a case study on which 
apply the linear kinematic analysis to evaluate the failure mechanisms activation regarding the 
macro-elements constituting the church. On the other hand, the seismic behavior of masonry 
structures could be assessed through nonlinear analyses (e.g. pushover analysis) taking into 
account the equivalent frame model: according to this modeling criterion, the main elements 
constituting a masonry structure are piers and spandrels. Many studies in literature consider this 
method. Among the others, in [2] a quantitative assessment concerns the effect of modeling 
uncertainties on the seismic response of masonry buildings, investigated through nonlinear 
static analyses and equivalent frame model; in [3] a review about the uses and limits of the 
equivalent frame model is presented. Furthermore, to define the probability of reaching a certain 
damage level, fragility curves may be derived from a numerical model or by observational basis, 
as in [4] and in [5]. 

The aim of this study is to investigate the strength models of masonry elements, in accord-
ance with the Italian Design Code [6] and its Instructions [7], by considering a reference ideal 
case study and varying masonry type and floor type (i.e. masonry strength and in-plane floor 
stiffness). Therefore, to evaluate its seismic behavior, a parametric pushover analysis is 
conducted and fragility curves are derived, whose results are presented and discussed below. 

2 STRENGTH MODELS: REVIEW AND DISCUSSION 
In accordance with [7], geometry, boundary conditions, structural function and masonry type 

represent the factors affecting the capacity models of masonry elements. The elements 
constituting a masonry structure are mainly of two types, depending on their axis: 
• Piers: masonry elements characterized by vertical axis and which may be affected by three

main types of failure, namely bending, shear sliding and shear with diagonal cracking;

• Spandrels: in contrast to masonry piers, they present a horizontal axis, and the potential in-
plane failure mechanisms involving them are bending and shear with diagonal cracking.

The Italian Design Code [6] and its Instructions [7] provide relations evaluating the strength 
of these failure mechanisms, that are reported in the following sections. In addition, they are 
reviewed in a dimensionless form, to be subsequently applied to a case study, whose response 
is then investigated through pushover analysis (as it is possible to note also in [8]). 

2.1 Pier bending 
As regards the pier bending, in accordance with [6] the ultimate resistant moment is derived 

by the following equation, expressing the relation between the axial load and the bending mo-
ment: 

𝑀𝑢 = (𝑙2 𝑡 
𝜎0

2
) (1 −

𝜎0

0.85𝑓𝑑
) (1) 

It is possible to define the dimensionless normal stress, ranging between 0 and 1: 

𝛼 = 𝜎0/0.85𝑓𝑑 (2) 
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Then, we obtain: 

 𝑀𝑢

𝑙2 𝑡 0.85𝑓𝑑
=

𝛼

2
(1 − 𝛼) (3) 

𝑀𝑢 is the moment corresponding to bending failure; 𝑙 is the masonry pier total length; 𝑡 is the 
thickness of the compressed area of the pier; 𝜎0 = 𝑁/(𝑙 𝑡) is the mean normal stress, referred 
to the section total area; 𝑁 is the design axial force, positive if compressive (if 𝑁 is tensile, 
𝑀𝑢 = 0); 𝑓𝑑 = 𝑓/𝐶𝐹 is the masonry design compressive strength; 𝑓 is the masonry mean com-
pressive strength; 𝐶𝐹 is the Confidence Factor, depending on the Knowledge Level. 

Therefore, Eq. (1) allows to represent, in a dimensionless form, the interaction domain be-
tween axial load and bending moment. This interaction domain does not depend on masonry 
type, pier thickness and length (Figure 1); it should be noted that it starts from the origin (tensile 
strength is taken equal to zero), while the maximum flexural strength is achieved when the 
dimensionless normal stress takes the value 𝛼 = 0.5. 

 

 
Figure 1: Masonry pier interaction domain. 

2.2 Pier shear sliding 
As concerns the pier shear sliding verification, [6] provides the following relation to assess 

the structural element shear capacity: 

 𝑉𝑡 = 𝑙′ 𝑡 𝑓𝑣𝑑  

(4)  𝑓𝑣𝑑 =
𝑓𝑣0

𝐶𝐹
+ 0.4 𝜎𝑛 ≤ 𝑓𝑉,𝑙𝑖𝑚  

 𝑓𝑉,𝑙𝑖𝑚 =
0.065𝑓𝑏

0.7
  

where: 𝑙′ is the masonry pier compressed part length, defined with reference to a compression 
linear diagram and no tensile strength; 𝑡 is the masonry pier thickness; 𝑓𝑣𝑑 is the masonry de-
sign shear strength; 𝑓𝑣0  is the mean shear strength in the absence of normal stresses; 𝜎𝑛 =
𝑁/(𝑙′𝑡) is the mean normal stress calculated on the compressed part of the cross section; 𝑓𝑉,𝑙𝑖𝑚 
represents the limitation on block cracking, obtained for standard shape blocks; 𝑓𝑏 is the block 
normalized compressive strength. 
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One may note that, in this case, the strength depends on the length of the compressed part 𝑙′, 
where the shear strength takes place. Hence, Eq. (4) could be converted in a dimensionless 
relation, considering a linear distribution of the normal stress acting on l’: 

𝑉𝑡

𝑙 𝑡 𝑓𝑉,𝑙𝑖𝑚
=

 𝜏𝑙𝑖𝑚

𝑓𝑉,𝑙𝑖𝑚
= 3 (

1

2
−

𝑒

𝑙
) (5) 

In the previous equation: 𝜏𝑙𝑖𝑚 is the mean shear strength (calculated referring to the pier total 
length l); 𝑒 is the eccentricity, that is the distance between the pier axis and the compressive 
force, ranging between 0 and the masonry pier half-length 𝑙/2, and the ratio 𝑒/𝑙 ranges between 
0 and 0.5. It is clear to observe that the shear strength is linearly dependent on the ratio 𝑒/𝑙, 
varying in a range between 1.5 (when 𝑒/𝑙 = 0, i.e. when only axial load is applied) and 0 (when 
𝑒/𝑙 = 0.5, i.e. when the eccentricity 𝑒 is equal to 𝑙/2). This linear relation, independent from 
any parameter referring to masonry type and element geometry, is shown in Figure 2. 

Figure 2: Shear strength on the pier section. 

2.3 Spandrel bending 
In accordance with [6], the same strength model adopted for masonry piers should be taken 

in consideration when the axial force is known. On the contrary, if the axial force is unknown, 
and there are horizontal elements in tension (e.g. steel tie-rods, reinforced concrete ring beams), 
the spandrels ultimate bending strength may be expressed as follows: 

𝑀𝑢 = 𝐻𝑝  
ℎ

2
 (1 −

𝐻𝑝

0.85∙𝑓ℎ𝑑∙ℎ∙𝑡
) (6) 

Also in this case, Eq. (6) may be converted in dimensionless form defining: 

𝛽 = 𝐻𝑝/0.85𝑓ℎ𝑑ℎ𝑡 (7) 

which provides: 
𝑀𝑢

ℎ2 𝑡 0.85𝑓ℎ𝑑
=

𝛽

2
(1 − 𝛽) (8) 

𝐻𝑝 is the minimum between the tensile capacity of the horizontal element and 0.4𝑓ℎ𝑑ℎ𝑡; 𝑓ℎ𝑑 is 
the masonry design compressive strength along the horizontal direction; ℎ is the cross section 
height of the spandrel. 
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Eq. (8) is truncated when 𝐻𝑝 = 0.4𝑓ℎ𝑑ℎ𝑡, i.e. when the value 𝛽∗ ≈ 0.47 is reached (Figure
3). 

Figure 3: Analytic relationship reported in Eq. (8). 

2.4 Pier and spandrel shear strength with diagonal cracking 
Before evaluating the shear strength with diagonal cracking, both in masonry piers and span-

drels, [7] defines two groups for the shear assessment with reference to the masonry fabric, i.e. 
masonry with irregular fabric and masonry with regular fabric. 

As regards masonry with irregular fabric, the shear for in-plane actions may be calculated as 
follows: 

𝑉𝑡 = 𝑙 𝑡
1.5 𝜏0𝑑

𝑏
√1 +

𝜎0

1.5 𝜏0𝑑
= 𝑙 𝑡

𝑓𝑡𝑑

𝑏
√1 +

𝜎0

𝑓𝑡𝑑
(9) 

Considering the ratio between the normal stress and the diagonal tensile strength: 

𝛾 =  𝜎0/𝑓𝑡𝑑  (10) 

with 𝛾 ≥ 0, the following dimensionless equation may be obtained: 
𝑉𝑡

𝑙 𝑡 𝑓𝑡𝑑
=

𝜏

𝑓𝑡𝑑
=

1

𝑏
√1 + 𝛾 (11) 

where: 𝑓𝑡𝑑 and 𝜏0𝑑 are the diagonal cracking tensile strength and the corresponding masonry 
reference shear strength, respectively; 𝑏 = ℎ/𝑙  is a correction coefficient depending on the 
panel aspect ratio related to the stress distribution on the cross section (1 ≤ 𝑏 ≤ 1.5); ℎ is the 
panel height. 

As far as masonry with regular fabric is concerned, it is possible to apply Eq. (9) to assess 
the shear strength, considering a simplified approach. Otherwise, the following equation should 
be considered: 

𝑉𝑡 =
𝑙𝑡

𝑏(1+𝜇𝜑)
(𝑓𝑣0𝑑 + 𝜇𝜎0) ≤ 𝑉𝑡,𝑙𝑖𝑚

(12) 
𝑉𝑡,𝑙𝑖𝑚 =

𝑙𝑡

𝑏

𝑓𝑏𝑡𝑑

2.3
√1 +

𝜎0

𝑓𝑏𝑡𝑑

1711



Roselena Sulla, Michele D’Amato, Rosario Gigliotti and Domenico Liberatore 

where: 𝑓𝑣0𝑑 is the masonry shear strength; 𝜇 is the friction coefficient; 𝜑 is the interlocking co-
efficient (i.e. the ratio of the block height to the minimum overlapping length of two units be-
longing to two consecutive joints); 𝑉𝑡,𝑙𝑖𝑚 is a limit value that can be approximated as function 
of the blocks tensile failure 𝑓𝑏𝑡𝑑, and taking into account the panel geometry. 

In this case, assuming the ratio of normal stress to the block tensile failure: 

𝛿 = 𝜎0/𝑓𝑏𝑡𝑑 (13) 

the following dimensionless equation, where 𝛿 ≥ 0, is derived: 

2.3
𝑉𝑡,𝑙𝑖𝑚

𝑙 𝑡 𝑓𝑏𝑡𝑑
= 2.3

𝜏𝑙𝑖𝑚

𝑓𝑏𝑡𝑑
=

1

𝑏
√1 + 𝛿 (14) 

It should be noted that, as presented in Figure 4, as 𝛾 (𝛿) increases, the mean shear strength 
𝜏 (𝜏𝑙𝑖𝑚) increases. In addition, there is an upper bound, represented by the light green curve (i.e.
with 𝑏 = 1), and a lower bound, that is the dark green curve (i.e. with 𝑏 = 1.5), since this equa-
tion is affected by the element aspect ratio and the element dimensions. 

Figure 4: Pier/spandrel shear strength for irregular and regular masonry. 

3 NUMERICAL ANALYSES ON A CASE STUDY 
To validate some of the strength models in dimensionless form, previously discussed, and to 

evaluate the global seismic response of a masonry building, an ideal case study, with nominal 
life VN = 50 years and class of use II, is considered (Figure 5). It reproduces a typical existing 
masonry structure having a simple configuration. The structure is characterized by three stories, 
with wall thickness equal to 60 cm. The assumed Confidence Factor is CF = 1.2, corresponding 
to an extensive Knowledge Level [7]. Moreover, the assumed location is Salerno (Italy), with 
soil class C and topographic category T1. 
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a) b) 

Figure 5: a) Case study 3D view and b) equivalent frame model with orange piers and green spandrels (3Muri 
Professional [9]). 

The aim of this work is to investigate the in-plane failure mechanisms involving masonry 
piers and spandrels constituting the reference masonry wall. Thereby, parametric pushover 
analyses are performed, using the software 3Muri Professional (www.stadata.it [9]), consider-
ing the combination of three different masonry types and three different floor types, obtaining 
as a result nine cases to be analyzed. Below, the masonry types considered, with increasing 
mechanical properties whose assumed values refer to [7], are reported: 
• Irregular Stone Masonry (ISM);

• Regular Stone Masonry (RSM);

• Brick Masonry (BM).
The three floor types taken into account, with decreasing in-plane stiffness, are the following: 
• Rigid Floor (RF);

• Semi-Rigid Floor (SRF);

• Flexible Floor (FF).

3.1 Strength models 
The strength models of bending and shear with diagonal cracking are adopted for the piers 

constituting the reference masonry wall (Figure 5b). Before discussing the results of the push-
over analyses, two limit cases are considered: ISM with FF, and BM with RF. As regards pier 
bending, the dimensionless normal stress 𝛼 ranges between 0.02 and 0.34 in the first case, and 
between 0.02 and 0.20 in the second case (yellow and red rhombuses, respectively, in Figure 
6). Conversely, as concerns the pier shear with diagonal cracking, one may note that the differ-
ences of 𝛾 (𝛿) between the two cases are more evident, and the dots are located on the limit 
curves, depending on the element dimensions. 

1713



Roselena Sulla, Michele D’Amato, Rosario Gigliotti and Domenico Liberatore 

a) b) 

Figure 6: a) Masonry pier bending interaction domain and b) shear strength. 

3.2 Pushover analyses 
The pushover analyses are conducted along the +X direction, considering a static force dis-

tribution and no load eccentricity. The in-plane failure mechanisms involving the reference ma-
sonry wall piers and spandrels are shown in Figure 7. In all the cases analyzed (i.e. by varying 
masonry and floor type in terms of mechanical properties and in-plane stiffness, respectively), 
a mixed failure mechanism may be detected: bending failure involves spandrels at all floors, 
the ground floor piers present mainly bending failure, some upper floors piers fail in bending 
and in shear. 

Figure 7: Piers and spandrels mechanisms comparisons (3Muri Professional [9]). 

As concerns the pushover curves (Figure 8), it should be noted that the most evident differ-
ences by varying the in-plane floor stiffness refer to BM and RSM, while irrelevant ones are 
found for ISM (i.e. the case of low-strength masonry). Therefore, the masonry strength is the 
principal variable affecting this case study response. 
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Figure 8: Pushover curves. 

3.3 Fragility curves 
For the fragility curves definition, this work refers to [10]. In general, a fragility function is 

a mathematical function representing the probability of occurrence of an event depending on 
an environmental excitation measure (e.g. acceleration). In other words, a fragility function may 
be defined as the cumulative distribution function of an asset capacity to be able to withstand a 
specific limit state. In the present case, it represents the probability of reaching a damage level 
equal or greater than a specific damage level (or limit state).  

Starting from the Capacity Peak Ground Accelerations (PGAC) resulting for each of the nine 
cases considered, related to Damage Limit State (DLS) and Life-Safety Limit State (LSLS), the 
fragility curves are derived according to the following method. 

A standard normal function is considered to define the parameter 𝑝 the fragility curves de-
pend on, then a binomial function is applied to derive the probability 𝑃(𝑘) = 𝑃𝐿𝑆,𝑖 of achieving
a damage level 𝑘, as described in [11], [12] and [13]: 

𝑝 = 𝛷 (
𝑙𝑛(𝐼𝑀 𝜗⁄ )

𝛽
) 

(15) 
𝑃(𝑘) = (𝑛

𝑘
)𝑝𝑘(1 − 𝑝)𝑛−𝑘

where: 𝐼𝑀 is an Intensity Measure, in this case equal to the Peak Ground Acceleration (PGA); 
𝜗 is the median; 𝛽 is the logarithmic standard deviation; 𝑛 is the maximum damage level (𝑛 = 
5, according to the EMS-98 scale [14]); 𝑘 represents the damage level ranging between 0 and 
5 (in this study, it is assumed 𝑘 = 2 as DLS and 𝑘 = 3 as LSLS). Finally, the maximum likeli-
hood estimation is applied as follows, with 𝑚 = 9 (i.e. the number of analyses performed in this 
study): 

𝐿(𝜗, 𝛽) = ∏ 𝑃𝐷𝐿𝑆,𝑖
𝑚
𝑖=1 ∏ 𝑃𝐿𝑆𝐿𝑆,𝑖

𝑚
𝑖=1 (16) 

In this way, the values 𝜗̂ and 𝛽̂ which maximize the likelihood are obtained and used to de-
rive, through the binomial function, the probability 𝑃(𝐷 = 𝐷𝑘), where 𝐷 is an uncertain dam-
age level and 𝐷𝑘 is a specific damage level, with 𝑘 = 0, …, 5, then the probability damage 
curves (Figure 9a) and, finally, the fragility curves (Figure 9b) with the equation [15]: 

∑ 𝑃(𝐷 = 𝐷𝑘)𝑛
𝑖=𝑘 = 𝑃(𝐷 ≥ 𝐷𝑘) (17) 
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a) b) 

Figure 9: a) Probability damage curves and b) fragility curves. 

The fragility curves obtained are then compared with the ones presented in [4], where Clas-
ses A, B and C1 represent the vulnerability classes according to Da.D.O. [16]. This comparison 
is shown in Figure 10, demonstrating a substantially similar trend between the curves plotted, 
even though the fragility curves here derived are more prudential than the literature ones. In 
fact, for the same PGA value, they show a higher damage probability. It should be remarked 
that they are derived starting from a small analyses sample including different masonry and 
floor types. 

 

 
Figure 10: Comparison between [4] and this study. 

4 CONCLUSIONS 
In this study parametric analyses have been performed, aimed at defining a methodological 

approach for the proposal of mechanical fragility curves. To this scope, a case study has been 
considered, reproducing an existing masonry building having three floors with different ma-
sonry and floor types. 

The numerical analyses conducted highlight that the lateral response is mainly affected by 
masonry strength. Moreover, in the case of low-strength masonry, the in-plane floor stiffness 
provides a low influence on the global response. 
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The failure mechanisms obtained mainly refer, in the cases analyzed, to bending moment, 
occurring at all levels both in piers and spandrels. In addition, the global failure is distributed 
over the masonry wall, even though there are some undamaged piers on the upper stories. 

Finally, the preliminary fragility curves obtained seem to be more conservative than the other 
ones considered for comparison in this study. In the future, an extension of the parametric study 
should be conducted in order to improve and validate the reliability of the approach proposed 
that can be extended to other building typologies. 
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