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Abstract
The paper examines unreinforced masonry (URM) buildings, which are common in small 
historic centres around the world. These buildings are often constructed in aggregate, a 
configuration that not only results in significant structural interaction but also interac-
tion with and through the foundation soil. The seismic performance of an aggregate can 
be influenced by foundation-soil-foundation interaction (FSFI), in addition to standard 
soil-foundation-structure interaction (SFSI) and site effects (SE). While reliable and time-
efficient approaches are available in the literature to address all these issues for standalone 
buildings, buildings in aggregate are frequently modelled as isolated and fixed at their 
base, particularly when developing fragility curves. This paper investigates the effects 
of SFSI and FSFI on the period and damping ratio estimates of typical URM buildings. 
Specifically, it examines the impact of SE, SFSI, and FSFI on the fragility curves of two 
aggregated URM buildings. These latter are representative of Visso, a town heavily affect-
ed by the 2016–2017 Central Italy earthquake, known for site amplification phenomena 
due to soft soils. Fragility curves were developed through nonlinear dynamic analyses of 
equivalent 3D frame models of the two archetypes, analysed under both fixed and compli-
ant base conditions. In the latter scenario, the structural model is equipped with springs 
at its base, with stiffness first calibrated to account for SFSI effects and subsequently 
adjusted to include the additional FSFI contribution. The results indicate a higher fragility 
in the fixed-base model. Specifically, the ratio of the median values of the fragility curves 
for the compliant base model to the fixed-base model ranges from 20 to 60%. Finally, 
the results from the cross-interacting models exhibited slightly higher values than those 
considering only SFSI, suggesting a moderate impact from the additional contribution of 
footing-footing interaction, at least for the case studies examined.

Keywords  Impedance function · Soil-structure interaction · Soil-foundation-structure 
interaction · Fragility curves · Masonry structures · Nonlinear dynamic analyses
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1  Introduction

This paper examines unreinforced masonry (URM) buildings in aggregate, which are often 
modelled as isolated and fixed at the base, particularly when developing fragility curves. 
The aim is to address this gap by investigating the effects of foundation-soil-foundation 
interaction (FSFI) and standard soil-foundation-structure interaction (SFSI) on the period 
and damping ratio estimates of typical URM buildings.

The fragility curves are commonly used to estimate the potential damage caused by 
earthquakes. Among the different approaches available in the literature for deriving fragil-
ity curves (Rossetto et al. 2014; Chieffo and Formisano 2019; Cattari et al. 2024) -namely 
empirical, mechanical-analytical, and mechanical-numerical- this paper refers to the latter, 
which is particularly well-suited to addressing the main objectives of the present study. 
Firstly, as already mentioned, these curves are often derived by neglecting important fac-
tors such as site, and SFSI effects. However, some studies have considered these additional 
sources of hazard and vulnerability for masonry buildings (e.g., Formisano et al. 2021; 
Brunelli et al. 2021a, 2021b, 2022a, b, c; Piro et al. 2020; de Silva et al. 2018; De Angelis et 
al. 2022a, b; Ambrosino and Sica 2024) or even reinforced concrete structures (Ademović et 
al. 2022; Sextos et al. 2018; Ambrosino et al. 2023), revealing that site amplification effects, 
without soil interaction, increase the estimated damage.

This information is particularly important when assessing building safety in European 
historic centers, often located in alluvial valleys (Garini et al. 2020; Brunelli et al. 2022a, 
b, c) or on hilltop for defensive purposes and may consequently be affected by significant 
stratigraphic and topographic site effects.

Historic centres typically consist of buildings founded on shallow foundations that are 
only marginally embedded in the overlying soil, which often possess poor mechanical prop-
erties. These buildings, constructed over centuries, now form aggregates with interacting 
elements. This interaction extends to the masonry wall foundations through the underlying 
soil. In general, smaller urban centres are characterized by structures that reflect a tradi-
tional, rustic architectural style, built from local materials such as stone, brick, and wood. 
These buildings are generally simple in design, featuring thick walls and small rooms, and 
are often constructed in close proximity, contributing to a cohesive urban fabric. While the 
spacing between load-bearing walls and the sizes of rooms can vary considerably from one 
building to another, in minor historic centres, the spacing is typically narrow. This compact 
arrangement was often used to maximize space within the city walls.

The buildings constructed in aggregate, with interacting parts and a variety of materials 
and construction techniques, are quite common (Carocci 2012). This results in varying states 
of preservation, which increases their vulnerability. Even within older buildings, room sizes 
can differ widely depending on internal layouts and alterations made over time. In contrast, 
major historic centres, such as those in Rome, Florence, Venice, or Naples, are character-
ized by greater extent and complexity. These centres contain a diverse array of structures of 
national and international significance, reflecting the historical and cultural richness of the 
cities. Such buildings often exhibit monumental and magnificent architecture, influenced by 
Renaissance, Baroque, Neoclassical, and other styles. Government palaces or aristocratic 
residences are frequently distinguished by larger and taller halls, often topped with vaults. 
Examples of some of the most common structural types with varying geometric features are 
shown in Fig. 1.
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From the seismic vulnerability assessment perspective, buildings in aggregate pose addi-
tional numerical concerns compared to isolated structures, especially how simulating the 
possible pounding effects.

Although various studies have attempted to address this issue (Ulrich et al. 2015; Formi-
sano 2017; Chiumiento and Formisano 2019; Battaglia et al. 2021; Valluzzi et al. 2022; 
Malomo and Dejong 2022; Bianchini et al. 2023; Zhang et al. 2024; Pinasco et al. 2024), 
the impact of boundary conditions imposed by neighbouring structural units (SUs) on the 
analysis of the single SU, as if it were isolated, remains a subject of ongoing debate in the 
literature (Demsic et al. 2024; Ponte et al. 2024; Salvatori et al. (2024; Villar et al. 2024). 
Moreover, in addition to site conditions, another aspect to consider when evaluating the 
seismic behaviour of these buildings is the proximity between the building foundations. 
Since the involved distances are often very small or absent, multiple interactions are likely 
to arise between their foundations (FSFI) and therefore cross interaction phenomena may 
constitute a relevant problem.

Site amplification can be quantified quite efficiently using linear equivalent analyses 
(Régnier et al. 2018), which are effective for the range of shear strains typically mobi-
lized by common earthquakes and, in some cases, by rare events. However, this approach 
does not address situations where the soil reaches a failure state (e.g., liquefaction or slope 
instability), which require completely different analytical methods. Moreover, the intensity 
measures and engineering demand parameters commonly used in seismic fragility curves 
may not fully capture the complexity of these extreme conditions.

The coupled approaches used to simulate SFSI (Azadi and Soltani 2010; Güllü and Jaf 
2016; Fathi et al. 2020; Outayeb et al. 2023) and eventually FSFI effects (Tsogka and Wirgin 
2003; Padron et al. 2008, 2009; Bybordiani and Arici 2019; Bordón et al. 2019), are chal-
lenging to apply in the construction of fragility curves due to the large number of structural 
analyses required.

Fig. 1  Examples of recurring building families in historic centers: (a) poor, small dwellings and URM 
aggregates, (b) medium sized houses and large buildings, (c) palaces of nobility
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Conversely, uncoupled approaches present a valid alternative. In these methods, the base 
of the structural model is equipped with springs and dashpots, with stiffness and damp-
ing parameters derived from soil-foundation impedance functions proposed in the literature 
(Mylonakis et al. 2006 or Pais and Kausel 1988) and also suggested in NIST (2012). This 
model is reliable if the calibration of the impedance functions accounts for the nonlinear 
effects mobilized by each input motion. This calibration can be performed using a linear 
equivalent approach (see Brunelli et al. 2022a), similar to site response analyses.

The study of dynamic interaction between foundations of the same structure or between 
adjacent structures is complex and influenced by numerous factors, including building lay-
out, dynamic properties of structures, ground conditions and seismic excitation, among oth-
ers. Developing a standardized method that incorporate all these factors in a single model 
is challenging. A recent study by Zeolla et al. (2023, 2024) proposed adapting the well-
established substructure approach to solve cross-interaction problems involving multiple 
identical shallow foundations. In the research vein of previous works (Mulliken and Karab-
alis 1998; Qian and Beskos 1995, 1996; Betti 1997), impedance functions were computed 
through 3D numerical analyses using a suite of finite difference models representing two 
or three shallow foundations positioned at varying distances. Zeolla et al. (2023 and 2024) 
proposed groups of coefficients that modify the impedance functions of a single foundation 
to account for FSFI effects, depending on the foundation-to-foundation spacing.

Despite the abovementioned modelling strategies and developments in FSFI formula-
tions, fragility curves that account for SE, SFSI are limited, and there are currently no exam-
ples that consider the effects of FSFI.

The objective of this study is to address this gap starting from a well-documented case 
study: the historic center of Visso, which experienced severe damage during the 2016–
2017 earthquake sequence and notable site effects. Most of the buildings in Visso are URM 
building in aggregate, and the alluvial soil deposit strongly influenced the suffered damage 
scenario (Formisano et al. 2021; Brunelli et al. 2021a, 2022a, b, c). The fragility curves 
were developed using two selected archetypes representative of URM buildings in aggre-
gate and explicitly considering typical failure mechanisms such as in-plane response, local 
mechanisms, and pounding effects. This paper compares results obtained with and without 
cross-interaction (FSFI) in terms of impedance values, periods of the coupled soil-structure 
system, equivalent damping, and simulated damage based on real earthquake recordings. 
Finally, the modified impedances were used to evaluate the effects of cross-interaction on 
the fragility curves.

2  Analytical approach to estimate FSF interaction on shallow 
foundations

As anticipated in the introduction, Zeolla et al. (2023, 2024) proposed closed-form equa-
tions for group coefficients for each degree of freedom of the foundation. These group fac-
tors enable the modification of the static and dynamic stiffness of an individual foundation 
to account for the presence of neighboring foundations. This approach allows the target 
foundation to be modeled as “isolated,” but with adjusted stiffnesses that incorporate the 
effects of FSFI. In particular, the static stiffness of each foundation in a group (KSFSI, i) 
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is derived from the static stiffness of a single foundation (Ksingle, i) through the following 
expression:

	 KSF SI,i = (1 − α i)Ksingle,i� (1)

where i denotes the degree of freedom of the foundation being considered and αi is given as 
a function of the ratio between the foundation-foundation distance (S) and the half-width of 
the foundation (B) using the exponential law:

	 α i = aiexp[bi(S/B )]� (2)

with:

	 ai=c1aexp (d1a (H/B)) +c2aexp (d2a (H/B)) +c3a� (3)

	 bi=c1bexp (d1b (H/B)) +c2bexp (d2b (H/B)) +c3b� (4)

where H is the thickness of the deformable soil layer. If H/B goes to infinity, the formulas 
provide solutions for the half-space. Note that Eq. (2) is a negative exponential law (bi <1), 
hence αi decreases with S/B.

The coefficients c1a, c2a, c3a, d1a, d2a, c1b, c2b, c3b, d1b, d2b are defined in Zeolla et al. 2024 
for a footing in couple, as well as for a lateral and a central footing of a triplet. The coef-
ficients are not provided for a group of four footings or larger because the interaction among 
the first and the fourth foundations resulted negligible, considering the typical span length 
of buildings. In the analyses conducted by Zeolla et al. (2023, 2024), dynamic damping 
characteristics were found to be slightly affected by the interaction between foundations, 
therefore no correction factors were derived.

In conclusion, in the present case, the interaction between the foundations was only taken 
into account in the static part of the impedance.

2.1  Influence of building class on cross interaction

This section examines masonry buildings used for residential purposes, categorized into 
three main classes based on plan and elevation dimensions. Specifically, archetypes repre-
senting these three classes, as illustrated in Fig. 1, are considered.

Class 1 comprises low-rise dwellings (1–2 storeys), typical of small historic centres, 
usually characterized by an architectural configuration with a few small rooms. In general, 
these structural units are situated close to one another, forming aggregate configurations. In 
such cases, adjacent structural units (SUs) may or may not share internal side walls. If two 
SUs are independent in bearing vertical loads, it is expected that each has its own founda-
tion, resulting in two adjacent walls with separate foundations. Otherwise, SUs typically 
share an internal side wall (see Fig. 1a).

Class 2 includes medium-rise buildings with larger dimensions and architectural con-
figurations featuring more rooms, typical of larger urban settlements. Class 3 consists of 
palaces, which are usually characterized by slender walls, greater interstorey heights, and 
larger rooms.
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For the three identified building classes, the reduction in the static stiffness of the founda-
tion due to the proximity of foundations within the same building was estimated. Addition-
ally, given that the urban layout of old town centres often features narrow streets with small 
distances between buildings (1–3 m or even less), this proximity between foundations was 
also considered, particularly for Classes 2 and 3.

Depending on the class of the buildings, foundation sizes (2B, 2L) and the plausible 
range of distances between the foundations of the walls of the same building (S) or that of 
adjacent buildings (Sb) were assumed, as listed in Table 1 as shown in Fig. 1. These ranges 
were defined on basis of some typical in-plan and elevation configurations of the Italian 
building stock, which the Authors have examined in various research projects along the 
years.

First, the formulas proposed by Gazetas (1991) were applied to calculate the imped-
ance function of a single footing situated on the surface of a half-space with a shear wave 
velocity VS = 100 m/s, a shear modulus G = 19 MPa and a Poisson coefficient ν = 0.3. The 
adopted VS value is consistent with that characterizing the soil volume affected by the foun-
dation motion in the subsoil profiles described in Sect. 3.1 (see Fig. 6). The resulting values 
were then adjusted using Eq. (1) to account for FSFI. Table 2 lists the coefficients ai and bi 
employed in Eq. (1) for each degree of freedom, whether for the central or lateral foundation 
of the same building or for two foundations of nearby buildings. For a graphical representa-
tion, reference could be made to Fig. 2. Note that ai and bi coincide with c3a and c3b for the 
half-space.

Once the S/B ratios were established, the modified stiffnesses were computed using the 
corrective α i- coefficients. Figure 2 shows the ratio between the stiffness of the foundation 
in group and that of a single foundation, K F SF I,i

Ksingle,i
, as a function of S/B. Figure 2a refers 

to an inner foundation, flanked by other foundations on both the right and left at equal dis-
tances. Figure 2b considers a lateral footing influenced by the presence of the two adjacent 
foundations immediately beside it. The coefficients ai and bi adopted are listed in the first 
and second column of Table 2.

For the case of just two nearby foundations, Fig. 2c shows the same functions obtained 
using the regression coefficients in the third section (labelled as “nearby”) of Table 2. These 
last coefficients may also turn useful when a foundation is positioned at a different distance 
between two adjacent footings, such as in irregular building layouts. In Fig. 2d, the change 
in stiffness caused by the presence of an edge foundation belonging to a neighbouring build-
ing is evaluated; smaller Sb/B ratios refer to the cases representative of adjacent foundations 
of two SUs of a URM aggregate of buildings, by assuming ai and bi coefficients consistent 
with the third column of Table 2.

As observed in Fig. 2, the translational motions (xx, yy and zz) are most affected by 
cross-interaction with the greatest impact occurring in the horizontal Y-axis, which aligns 
with the direction of footing proximity. This pronounced effect is due to the significant inter-
ference of the pressure bulbs associated with translational motion along the Y-axis.

As expected, the stiffness reduction due to cross interaction is most pronounced for the 
central footing (Fig. 2a), which is influenced by the motion of both equally-spaced adjacent 
footings. The rocking stiffness (around both the X and Y axes) decreases rapidly, with the 
interaction effect becoming negligible for S/B values greater than 4. Notably, for rocking 
around the X-axis, the ratio is slightly greater than one, indicating an increase in stiffness 
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when the foundations are grouped. This is attributed to the constraining effect the founda-
tions exert on each other during rotation, as no detachment is allowed.

When examining the interaction between the foundations of the same building (Fig. 2a-
c), the Class 1 buildings experience a more significant reduction in stiffness. This is due 
to smaller S/B ratios, which results in higher αi coefficients regulating the cross interac-
tion between the nearby foundations. In contrast, Classes 2 and 3, characterized by larger 
S/B ratios, exhibit a smaller reduction in stiffness, approximately 10%, except for rocking 
stiffnesses.

When the interaction between neighbouring buildings is considered (Fig. 2d), the Sb/B 
ratios are notably lower (0.5B < Sb<2B) than those pertaining to the foundations within the 
same building. This occurs because although the same Sb values are assumed (as shown in 
the last column of Table 1), the half-width B of the foundations increases moving from Class 
1 to Class 3. As a result, the variability range for Class 3 is shifted to the left. The change 
in rocking stiffnesses is also no longer negligible over the range of Sb/B ratios considered, 
particularly for Class 3, and to a lesser extent for Class 2 and 1 For instance, under these 
conditions, the increase in Krx,F SF I  can vary between 10 and 20% for Class 3 and for 
the smaller Sb/B ratios of Classes 1 and 2 Conversely, a decrease is observed for all other 
degrees of freedom. This suggests that, while Classes 2 and 3 are only mildly affected by 
cross-interaction between their own foundations, they are not immune to cross interaction in 
a broader sense, as they can still interact with the foundations of the surrounding buildings.

2.2  Evaluation of period and damping ratio through the replacement oscillator 
approach

The impact of SFSI and FSFI was also evaluated on the dynamic properties of the building 
classes considered in Sect. 2.1. To this aim, the variation of the period (T*) and the damp-
ing ratio (β*) with respect to the fixed base condition (T0 and β0) was evaluated using the 
analytical formulas based on the “replacement oscillator” approach (Maravas et al. 2014). 
As well known, the replacement oscillator is a simplified single-degree-of-freedom (SDOF) 
model used to approximate the dynamic behavior of a more complex soil-structure system. 
The equivalent oscillator has the same dynamic properties (i.e., natural period and damping 
ratio) as the original system with contribution of soil-structure interaction, while maintain-
ing the same mass and geometric features of the structure. For such an aim, the base of 
the equivalent SDOF needs to be equipped with springs and dashpots to simulate the soil-
foundation impedance (Gazetas 1991; Maravas et al. 2014). The replacement oscillator is 
generally used for a first approximated estimation of the effect of soil-foundation-structure 
interaction (SFSI). In this vein, it was adopted to investigate the impact of SFSI on the typi-
cal URM isolated building, accounting for the cross interaction among the foundations of 
the same building, and the effect of an adjacent building, that is the case of an aggregate.

To save time, in this work, the calculations were executed through the web-app “0D-In” 
developed by de Silva and Silvestri (2025) and available at https://dynatools.it/odin. This 
tool facilitates sensitivity analyses on the impact of SFSI using the following dimension-
less parameters: the structural slenderness ratios, h/B; the foundation aspect ratio, L/B; the 
structure-to-soil relative mass, δ = m

(ρ sπ B2h) ; and the soil-to-structure relative stiffness, 
σ = VsT0

h . The ranges for these dimensionless parameters were established based on the 
typical minimum and maximum values of the structural height, h, mass, m, and the fixed-
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Table 2  Exponential law coefficient a.i. and bi for Eq. 3a and 3b respectively
Central Lateral Nearby
azz 0.56 bzz -0.15 azz 0.35 bzz -0.15 azz 0.28 bzz -0.18
ayy 0.58 byy -0.09 ayy 0.39 byy -0.09 ayy byy -0.10
axx 0.54 bxx -0.16 axx 0.35 bxx -0.15 axx bxx -0.17
arx -0.88 brx -1.01 arx -0.30 brx -0.72 ary brx -0.66
ary 0.43 bry -0.42 ary 0.24 bry -0.44 arx -0.29 bry -0.51

Fig. 2  Stiffness ratios KFSFI, i/Ksingle, i versus S/B for the three building classes considered. Each curve 
refers to a different degree of freedom of the foundation (zz, yy, xx, rx and ry). The schemes superimposed 
to the charts indicate the position of the foundation within the group: (a) central and (b) lateral in the 
case of a group of three foundations or (c) two foundations and (d) next to a foundation belonging to a 
neighbouring building. The red indicators refer to the values of KFSFI, i/Ksingle, i obtained for the lateral and 
central foundations (empty and full indicators respectively) of the two aggregates which are the subject of 
the case study (aggregates A1 and A2 represented by circles and squares respectively) described further 
in Sect. 3
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base fundamental period, T0, as specified in Table 3 for each building class. In detail, the 
slenderness ratio is minimized by the maximum values of B (deduced from Table 1) and 
maximized by the smallest one. The same applies to the other dimensionless parameters. In 
this calculation, the soil hysteretic damping ratio and the structural damping ratio were kept 
constant at 1% and 3%, respectively, while the ratio L/B was varied according to the values 
reported in Table 3. The values of B are deduced from Table 1 for the three building classes.

Figure 3a shows the variation in period for two-, three- and four-story buildings charac-
terized by different structural details as typical of existing URM buildings, i.e. with (High 
Quality Details - HQD) and without (Low Quality Details - LQD) tensile resistant elements 
placed at floor level, such as tie-rods or RC-curbs; in general, lower periods (i.e., stiffer 
structures) are associated to the presence of HQD. The reference values for the dynamic 
properties of such systems have been computed through the DBV-Masonry mechanical-
analytical model (Lagomarsino et al. 2014; Cattari et al. 2021) using the same proprieties 
adopted in the MARS project (Masi et al. 2021, 2022) for deriving fragility curves relevant 
to the residential Italian building stock (Lagomarsino and Masi 2021). In particular, the 
definition of the elastic period is based on the proposal of Pagnini et al. (2011), which 

Fig. 3  Variation of periods for fixed-base structures characterized by (a) LQ and HQ details; (b) regular 
and irregular masonry type and (c) flexible and rigid diaphragm type for regular masonry type

 

Properties Class 1
min-max

Class 2
min-max

Class 3
min-max

Mass “m” [Mg] 470–3100 1000–3600 1700–4500
Height “h” [m] 2.8–12 2.8–14.8 5.2–18
Fix base period “T0” [s] 0.1–0.31 0.1–0.46 0.2–0.62
Structural slenderness ratio 
“h/B”

5.6–40 3.7–29 5.2–24

Foundation aspect ratio 
“L/B”

6–15 4–11 4–10

Dimensionless distance 
between foundations
(same building) “S/B”

5–13 12–18 11–17

Dimensionless distance 
between foundations
(neighbouring building) 
“Sb/B”

1–3 0.7–3 0.5–2

Structure-to-soil relative 
mass “δ”

112.5–480.9 106.4–163 54.8–74.5

Table 3  Minimum and maximum 
values of the dynamic properties 
considered for the three struc-
tural classes
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originally referred only to the contribution of the shear stiffness under the hypothesis of 
shear-type system, with the introduction of some additional correction factors proposed 
in (Lagomarsino and Cattari 2014) to account for incidence of structural details typical of 
LQD and HQD configurations.

Figure 3b and c show the variation of the period considering the impact of the presence of 
LQD or HQD, regular or irregular masonry type, and two types of diaphragms, i.e., flexible 
(e.g. vaults and timber) or rigid (with reinforced concrete slab). The Figure aims to provide 
an idea of the plausible range of variations expected for URM buildings. As evident, the 
wide variety of features that may affect the response of URM buildings (masonry type, 
structural details, and diaphragms) has a quite significant impact.

Subsequently, the period elongation was computed both without (classical SFSI prob-
lem) and with FSFI among footings. For SUs in aggregate with independent but adjacent 
internal side walls, the number of foundations was set equal to 4, 5 and 6 for building Class 
1, 2 and 3, respectively, while S/B was varied according to the values reported in Table 3. 
Interaction with the foundations of neighbouring buildings was also considered, assuming 
the shortest Sb/B.

Figure 4 shows the period changes as a function of σ for the three analyzed structural 
classes. In the first three graphs (Fig. 4a), the period elongation is caused by SFSI, while the 
next plots show the effect due to cross-interaction FSFI within the same building (Fig. 4b) 
and with foundations of adjacent buildings (FSFI nearby) (Fig. 4c).

The colored zones in Fig. 4 indicate the variation ranges of the obtained T*/T0 ratios, 
with the upper and lower bounds corresponding to the cases reported in the plot. As rela-
tive stiffness, σ, decreases, the range of variability increases. For soils with low shear wave 
velocities, the σ values for the considered schemes range between 2 and 4. In this region T* 
can range from a minimum of about 2 times T0 to a maximum of about 7-8T0. As expected, 
the effects are more pronounced for building Class 1, which is characterized by the lowest 
fixed-base period and the largest δ.

The cross-interaction among footings of the same building (Fig. 4b) slightly increases the 
period elongation, as well as the cross interaction among footings of neighboring buildings 
(Fig. 4c). Note that 0D-In is based on the replacement oscillator model, which simulates the 
in-plane response of the structure, hence only considers the translational impedance along 
X (Kxx) and the rotational component around Y (Kry). Such approximation is widely used in 
SFSI analyses and is considered reliable because Kxx and Kry effectively control the in-plane 
dynamic response. Anyway, the obtained results should be considered a lower bound of the 
period elongation due to cross-interaction because they neglect the reduction in Kzz and Kyy, 
which are significant, as shown in Fig. 2.

Figure 5 shows the variation of the damping ratio, 𝛽∗, with σ, calculated by considering 
only SFSI. Very similar results are obtained considering FSFI, since the imaginary parts of 
the impedance functions are minimally affected by cross-interaction (see Zeolla et al. 2024). 
The upper range of variation (larger coloured area) are obtained assuming the minimum 
values of h/B and maximum values of δ, which leads to an important increase in the damp-
ing ratio compared to the fixed base value. Conversely, the minimum values of δ (and thus 
the maximum h/B values) provide for smaller ranges of variation (lower part of plot), which 
are even less than the fixed-base damping ratio (3%). The variation in the damping ratio, as 
well as the maximum value achieved, increases when moving from Class 1 to 2, and from 
Class 2 to 3.
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Fig. 5  Damping ratio vs. σ for the three structural classes considered, due to SFSI

 

Fig. 4  Period elongation vs. σ for the three structural classes considered: (a) due to SFSI and FSFI be-
tween footings of (b) the same buildings or (c) neighbouring buildings. The range of variation of T ∗/T0, 
highlighted with the coloured areas, is limited at the top and bottom by the curves obtained from the maxi-
mum or minimum values of h/B and δ (depending on the class) and the L/B ratios considered (see Table 3)
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3  Application on real URM case studies

As described in previous sections, cross-interaction effects are more pronounced between 
the foundations of neighbouring buildings due to the shorter distances between them. For 
this reason, among the three classes introduced in Section § 2.1, this paper focuses on Class 
1, analyzing two groups of buildings in aggregate. These buildings are inspired by the build-
ing stock of the historic centre of Visso, which was affected by the Central Italy seismic 
sequence of 2016–2017, and showed evidence of both site and SFSI effects (see Brunelli et 
al. 2022b).

These structures were studied in three different configurations:

- FB, that is the fixed-base model, in which the structural model is fix at its base and the 
input motion is calculated through one dimensional site response analyses, considering 
four different subsoil conditions, whose features are described in Sect. 3.1.

- CBSFSI that is the compliant-base model, endowed at its base with springs calibrated 
through the impedance function by Gazetas (1991), and characterized by a damping 
ratio that includes the contribution of the soil.

- CBFSFI that is the compliant-base model, in which the base springs are still calibrated 
through the impedance function by Gazetas (1991) but modified through the group coef-
ficients by Zeolla et al. (2024) and characterized by a damping ratio that includes the 
contribution of the soil.

Also, CBSFSI and CBFSFI models are excited by the same input motions of the FB case. The 
comparison among the results aims to highlight the effect of SFSI (classical interaction) and 
FSFI (cross interaction).

3.1  Description of subsoil conditions and site effects

The input motions for the structural analyses were obtained from linear equivalent site 
response analyses conducted on the four subsoil profiles shown in Fig. 6.

The first profile (S1) corresponds to the actual soil layer beneath aggregate A2, consisting 
of a sandy gravel layer (SG) overlaid and locally interbedded with clayey silt (CS) and silty 
clay (SC) lenses. The shear wave velocity, 𝑉𝑠, was measured using MASW and down-hole 
tests (Cattari et al. 2018b; MZS3, 2018). The free-field frequency, measured on-site through 

Fig. 6  Stratigraphy and Vs profiles for each subsoil configuration, as adopted in Brunelli et al. (2021a)
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HVSR tests, allowed for the back-calculation of the bedrock depth, estimated at 40 m. The 
shear wave velocity, 𝑉𝑆, varies with depth, with an equivalent value of 281 m/s down to the 
bedrock.

The second profile (S2) represents the actual soil configuration in the historic centre of 
Visso (near aggregate A1), investigated through two boreholes and an HVSR test (MZS3, 
2018). This profile comprises 4 m of clayey silt (CS) over an 11-metre-thick sandy gravel 
layer (SG). The geological section of the Visso valley, as reported by MZS3 (2018), indi-
cates the bedrock at a depth of 18 m. Since direct measurement of 𝑉𝑆 was not available, its 
value was derived using a correlation law between 𝑉𝑠 and the number of blows from Stan-
dard Penetration Tests conducted at depths of 1.9 m in CS and at 4.4 and 8.9 m in SG. This 
analysis, detailed in Brunelli et al. (2021a), resulted in an equivalent VSeq value of 272 m/s 
down to the bedrock.

Additionally, two idealised profiles were considered: one clay-based (S3) and one gravel-
based (S4), with bedrock at a depth of 40 m. In both cases, VS increases with depth. The 𝑉𝑠 
profiles were determined using empirical laws by d’Onofrio and Silvestri (2001) for S3 and 
by Hardin and Kalinski (2005) for S4. The resulting equivalent 𝑉𝑆eq values are 200 m/s and 
279 m/s, respectively, which are comparable to those of S1 and S2.

The variation of the normalised shear modulus (𝐺/𝐺0) and damping ratio (D) with shear 
strain (𝛾) for the fine-grained soils in S1, S2, and S3 were derived from a comprehensive 
model calibrated by Ciancimino et al. (2020) using laboratory test results on similar materi-
als. The 𝐺/𝐺0 -𝛾 curves for the sandy gravel soil in S1, S2, and S4 were taken from Liao et 
al. (2013). The corresponding D-𝛾 curves were calculated by applying the model of Ram-
berg and Osgood (1943) and the Masing criteria (Masing 1926) to the 𝐺/𝐺0 -𝛾 curves.

In addition to the soil layer configurations and 𝑉𝑆 values, Fig. 6 presents the soil fun-
damental frequency (𝑓soil) and amplification factor (AF) for each stratigraphy, calculated 
through a linear site response analysis using STRATA software (Kottke and Rathje 2008). 
The results show considerable variation in the responses of the four soil profiles, with the 
maximum AF observed in S3. The site effects for the four soil profiles were subsequently 
analysed through linear equivalent site response analyses using input motions selected from 
the Selected Input Motions for Displacement-Based Assessment and Design (SIMBAD) 
database (Smerzini and Paolucci 2013; Smerzini et al. 2014). The selection included the 
EW and NS components of accelerations recorded during 49 natural events at stations situ-
ated on a stiff rock outcrop (𝑉𝑆eq > 700 m/s). The selected signals were slightly scaled (with 
a scale factor between 0.6 and 1.75) to achieve the desired variability in intensity measures 
for the construction of fragility curves. For further details, refer to Brunelli et al. (2022a).

Figure 7 shows the mobilized values of normalized stiffness G/G0 (a) and damping D 
(b), calculated for the four soil profiles through 1D site response analyses. Reference was 
made to the mean values mobilized within the soil volume likely affected by the foundation 
motion (i.e., 1 m below the foundation level). As expected, the highest nonlinear effects 
are observed for profile S4, where stiffness reduction occurs at the earliest, and profile S3, 
which is characterized by the lowest initial stiffness. Conversely, the lowest degree of non-
linearity is associated with the shallowest bedrock, which produces the highest natural fre-
quency and thus the stiffest response.

Figure 8 illustrates the spectral amplification factor (i.e., the ratio between the spectral 
acceleration at the ground level, as obtained from the site response analysis, and the input 
motion) plotted against the spectral acceleration of the input signal, computed at the fun-
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damental period of the two aggregates described in Sect. 3.2. Firstly, it is evident that for 
each model configuration (FB, SFSI, and FSFI), the spectral ratios for a given subsoil are 
not vertically aligned due to changes in structural periods resulting from soil or foundation-
foundation interaction. This variation is particularly noticeable with the introduction of clas-
sical soil-structure interaction (FB vs. SFSI), although additional, smaller changes occur 
when FSFI is also considered, affecting the spectral acceleration values.

In all cases, the amplification factors decrease with increasing input motion spectral 
acceleration, highlighting the expected contribution of site effects. For higher input motion 
accelerations, models with SFSI and FSFI exhibit higher amplification factors compared 
to the FB model. This general trend is more or less pronounced depending on the subsoil 
considered. Therefore, Fig. 8 demonstrates the anticipated reduction in amplification with 
increasing input motion amplitude. This effect is beneficial for structural safety, as strong 
motion events are less amplified by site effects.

Conversely, SFS interaction shifts the structural period towards the predominant soil 
period, where spectral ordinates are maximized. As a result, higher spectral accelerations 
affect the coupled model with interactions, except for very weak motions, particularly for 
soil S1 (around Sa < 0.25 g).

Changing the spectral acceleration of the input in the nonlinear dynamic analysis is one 
of the factors that can alter the expected damage outcomes. It should be noted that other fac-
tors, such as variations in the damping of the analysis and changes in the stiffness of the base 
constraints, as discussed in previous chapters, also contribute to these changes.

3.2  Mean feature and modeling assumptions

Both URM buildings in aggregate here investigated are composed of five structural units, 
but only three were analyzed in detail for the first (A1) and for the second (A2). The latter 
has been demolished due to the severe damage occurred in some SUs after the 2016–2017 
seismic event. Figure 9 shows the ground floor plans of the two examined configurations 
and an overview photo. The two configurations are characterized by structural slenderness 
ratio, h/B, of 28.9 and 15.5, and structure-to-soil relative mass, δ, of 227 and 331, respec-
tively. These ratios were obtained by considering the maximum height values between the 
different structural units and the average values of the half-width between the foundations in 
the buildings in aggregate. The resulting values are within the maximum and minimum val-

Fig. 7  Mobilized values of (a) G/G0 and (b) D the four considered soil profiles under each input motion

 

1 3



Bulletin of Earthquake Engineering

Fig. 8  Ground-to-input motion spectral amplification factors vs. Sa (T1) of the input signal for the two 
aggregates and the four soil profiles
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ues obtained for Class 1 (see Table 3). The characteristics of the two buildings in aggregate 
are similar: the walls were estimated to be 70 cm thick at the ground floor and 60 cm at the 
other levels. The only exception is the perimeter wall of unit U1A1 (the right wall in Fig. 9a) 
estimated 80 cm thick over the entire height of the building. Moreover, the presence of inter-
nal walls was assumed in correspondence with the tie-rods visible in the external façades. 
The internal walls were supposed 5 cm lower as thickness than the relative perimeter walls. 
Unit U4A1 seems to be a filling unit built upon the two pre-existing orthogonal walls.

The main orientation of diaphragms is expected to develop perpendicularly to the 
Y-direction. The same floor with a concrete slab (not reinforced) was assumed in all units of 
the aggregate under examination since there is no evidence of any specific interventions and 
the units are considered substantially contemporary. Both configurations consist of founda-
tion walls with an average width, 2B = 0.8 m, and an average length, 2L = 9 m, so the L/B 
ratio is about 10. In A1, which is the most irregular with very elongated sides (Fig. 9a), 
the minimum distances, S, between the foundations vary from 3.3 to 6.6 m, while in A2 
(Fig. 9b), which is more regular in plan with sides of similar length, S vary between 3 and 
5.8 m. Figure 2(c) shows the values of the dimensionless ratios between the stiffness of the 
foundation in group and alone, related to the foundations of the two aggregates considered. 
Note that only the dimensionless ratio along Z (vertical) and X (long side of the foundations) 
and rotational around Y have been reported, as these are the ones included in the equiva-
lent frame numerical model described later in Sect. 3.2. The ratios for the three degree of 
Freedom were calculated using the ai and bi coefficients for two nearby foundations (third 
column in Table 2) and the superposition principle, because the distances of the foundations 
inside the building are not equal. In fact, the indicators related to the internal foundations 
(see filled indicators) are not perfectly aligned on the black curves. While Kry  rotational 
stiffnesses are reduced negligibly, vertical and horizontal stiffness ( Kzz  and Kxx) can be 
reduced by as much as 18–20% when S/B are lower. To estimate the changes in period and 
damping due SFSI and FSFI, the soil-to-structure relative stiffness, σ, was calculated using 

Fig. 9  Plans and photo of the two considered aggregate: (a) A1 and (b) A2
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the VS = 136 m/s and VS = 162 m/s respectively corresponding to the shallowest soil layer 
in S1 for A2 and S2 for A1. The assumed VS values correspond to G0 respectively equal to 
3.7 MPa and 5.3 MPa, used to calibrate the analytical impedance functions joint to a Poisson 
coefficient equal to 0.33.

The fixed-base period, T0, in the Y-direction was 0.14 for A1 and 0.098 for A2. The 
period T * is about 4 T0 and 3 T0 for A1 and A2 respectively, while the damping ratio β * is 
about 1% and 2%, thus below the fixed-base damping. Note that this initial value is calcu-
lated considering only the foundation radiation damping ratio and neglecting the hysteretic 
contribution of the soil. These results are depicted with red dots (full for A1 and empty for 
A2) in Figs. 4 and 5.

The structural model – illustrated in Fig. 10a - was developed according to the equiva-
lent frame (EF) modeling approach implemented in the Tremuri software (Lagomarsino 
et al. 2013). According to the EF approach each wall is discretized in piers (vertical URM 
elements), spandrels (horizontal URM elements), and rigid areas (nodes); the indication of 
the SUs investigated in detail through the NLDAs is also reported. More specifically, the 
piecewise-linear beam model has been assumed to describe the nonlinear response of URM 
panels (Cattari and Lagomarsino 2013; Cattari et al. 2018a). This constitutive law describes 
the nonlinear response until very severe damage levels (DLE, from 1 to 5), through the defi-
nition of a relation between the drift value δE, i and the corresponding value of the residual 
shear strength βE, i at the attainment of the i-th DL. The values of δE, I and βE, i are differenti-
ated for piers and spandrels and also varying the prevailing failure mode, i.e. if flexural or 
shear or hybrid (see for example Fig. 10b). The initial stiffness is defined according to the 
beam theory while the maximum strength is computed according to some criteria well rec-
ognized in literature for interpreting the failure modes aforementioned (i.e. for the flexural 
response that also adopted in Codes (NTC 2018; CEN 2004) while for the shear one the one 
proposed by Turnsek and Cacovic (1971). The mechanical parameters adopted are reported 
in Table 4 and are consistent with the assumptions already tested and verified in Brunelli et 
al. (2022c), where a detailed simulation of the actual response of two configurations sub-
jected to the real seismic event has been investigated. While the reliability of the adopted 
numerical approach (both considering the FB and CB models) was already proven by the 
validation provided on the monitored school building of Visso in Brunelli et al. (2021b), 
the further numerical investigation on these configurations demonstrated its effectiveness 
also in assessing the response of SUs in aggregate. According to the approach introduced by 
Angiolilli et al. (2023), the interaction effect between adjacent units was modeled introduc-

Fig. 10  (a) 3D equivalent frame model of the aggregate A1 and example of pier with springs (b) backbone 
and hysteretic response of piers under shear force
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ing a finite-length gap and, then, connected by elastic truss elements (sectional area of 16.4 
cm2 and elastic modulus E of 210000 MPa with null tensile behaviour) as well as fictitious 
floors (thickness of 0.05 m, E = 39420 MPa, G = 13112 MPa).

In the analyses considering the SFSI, each pier of the structural model was equipped with 
springs, restraining the translation along the in-plane horizontal (Kx) and vertical (Kz) direc-
tions and to the rocking (Kry) around the axis parallel to the foundation width. The spring 
stiffness was calibrated through the real part of the soil-foundation impedances (Gazetas 
1991). The foundation shape varies from square to rectangular being the foundation length 
defined by adding the half-length of the spandrel panel to the size of the load-bearing wall. 
Conversely, the foundation width is equal to 1 m, as a result from the thickness of the load-
bearing wall plus an enlargement of 0.15 m at each side. The value of the embedment was 
set to 1 m.

The calibration of the impedance was performed considering the mean shear modulus 
mobilized in the soil volume affected by the foundation motion, under each input motion 
as shown in Fig.  7. For each case, the frequency-dependent dynamic coefficients of the 
impedances were computed as a function of the fundamental period computed through the-
Maravas et al. (2014) formulation. The calibration was solved iteratively until the resulting 
period was equal to the value adopted in the impedance function computation.

In the analyses considering FSFI, the impedances were modified through the coefficients 
proposed by Zeolla et al. (2023).

The imaginary part, which quantifies the radiation damping, was divided by the double of 
the real part of the impedance to obtain the energy loss coefficients βx, βz and βry. The latter 
was introduced in the formula by Maravas et al. (2014) to calculate the equivalent damping 
ratio of the soil-foundation-structure system, together with the structural viscous damp-
ing ratio β0 = 3% and the mean soil hysteretic damping mobilized under each input motion 
reported in Fig. 7. The resulting value was introduced as an equivalent Rayleigh damping 
ratio in the structural analysis. Due to soil hysteresis, the interaction always increases the 
fixed-base damping, reaching values up to 4 times larger. The increase due to FSFI is a fur-
ther 4 to 5 per cent compared to traditional interaction.

3.3  Procedure adopted for deriving the fragility curves

Fragility curves according to a lognormal format have been derived for Damage Levels 
(DLs), aimed to be conceptually consistent with the definitions proposed in the European 
Macroseismic Scale (EMS98 - Grünthal 1998). To this aim, the procedure described in 
Brunelli et al. 2022a has been adopted. Depending on the maximum damage achieved, 
the analyses were grouped into the 6 DLs classified as proposed by EMS98: DL0 - none, 
DL1 - negligible, DL2 - moderate, DL3 - severe, DL4 - very severe to near collapse and 
DL5 – collapse. The average value (PGAmi) and the standard deviation ( σ mi) of the Peak 
Ground Acceleration (PGA) of the input motions causing the achievements of each damage 

Table 4  Mechanical parameters adopted for structures
Aggregate A1 Aggregate A2
E (MPa) G (MPa) τ0 (MPa) fm (MPa) E (MPa) G (MPa) τ0 (MPa) fm (MPa)

Piers 2968 991 0.127 6.42 2574 858 0.641 4.94
Spandrels 2078 693 0.062 4.49 1800 741 0.641 3.80
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level, DLi, was then calculated. They were used to calibrate a lognormal distribution of the 
PGA causing the attainment of DLi. According to this procedure, the results of records can 
be divided in group in function of the global DL. The probability of exceeding the different 
damage levels, pDLi, under a certain PGA can be consequently calculated as the probability 
that such PGA “exceeds” the calibrated lognormal distribution:

	
pDLi = p(DL > DLi | PGA) = Φ

(
log

( PGA
PGAmi

)
σ

)
� (5)

where Φ is the standard cumulative probability function. The value of the standard devia-
tion accounts for the record-to-record variability contribution and the uncertainty associated 
with the definition of DL. The attainment of a specific DL accounts for multiscale approach 
based on the severity of the damage occurred in URM panels, on the spread of the damage 
along the structure (Cattari and Angiolilli 2022).

Figure 11 presents the fragility curves for A1 based on soil profile S1. The whole set of 
fragility curves is reported in Annex I along with a table with PGAmi values. As shown in 
Fig. 11, soil structure interaction shifts the curves to the right (indicating lower vulnerabil-
ity) compared to the FB model. The difference between the CBSFSI and CBFSFI models is 
relatively small, with the greatest impact associated to more severe DLs. This result depends 
on various factors, such as the period elongation, which leads to different spectral accelera-
tion (as shown in Fig. 8), but also to different values of the equivalent damping provided by 
the Maravas formulation.

4  Discussion on the overall set of results from NLDA

This section aims to provide a comprehensive overview of the main findings obtained by 
the whole set of NLDAs carried out and fragility curves when varying the soil profiles, SUs 
configurations and the three models considered.

Firstly, for each DL, Fig. 12 shows the so-called Modification Factor (MF), which is the 
ratio between the median PGA50 obtained from the CBSFSI and FB models (grey markers) or 
CBFSFI and FB models (black markers), respectively. The figure shows the MF obtained for 
each SU studied, for the two examined buildings in aggregate. It should be noted that where 

Fig. 11  Fragility curves for the A1 SU with soil profile S1 and considering the FB model (with site am-
plification only), the CBSFSI model (with soil-structure interaction) and the CBFSFI model (soil and cross 
interaction between the nearby foundations)
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the statistical value is considered unreliable (see tables in the Annex 1 for each fragility 
curve), the value has not been reported in Fig. 12.

The two models with soil-structure interaction (CBSFSI, CBFSFI) are almost always less 
vulnerable than the fixed-base model, as the MF parameter usually falls within a range of 
1.2 and 1.6, or is in any case greater than 1. In certain cases (3 for A1 and 3 for A2), the 
MF value is close to 1, and in only one DL for A2 it is less than 1 (for CBSFSI). Only in 
some cases the two compliant base models are associated with a larger scaling factor MF, 
especially for the model that accounts also for the cross interaction. However, the differ-
ences are not always associated with a specific soil profile or a given DL, so that no clear 
and unambiguous trend may be seen. The differences in damping between the three models, 
shown in Fig. 8, are not always directly related to the larger (or smaller) differences shown 
in Fig. 12 since this latter figure is the synthesis of multiple parameters: the shape and inten-
sity of the bidirectional input accelerograms, the directional vulnerability of the building, 
the mobilized period, the signal spectrum, the damage attribution criterion, the modification 
of each foundation pier’s impedances with FSFI etc. The same input analysis yields a dif-
ferent effect across the various structural units in the same aggregated building, depending 
on two parameters: the vulnerability of each individual structural unit in comparison with 
the others; and the different impedance value at the base of each masonry pier, which can 
further vary from unit to unit due to FSFI, depending on the distances S between the internal 
masonry piers. This demonstrates the complexity of the problem analyzed and the numerous 
factors that influence the structural response.

Fig. 12  Ratios between the PGAmi obtained from the compliant and fixed base models for the analysed 
structural units of the two aggregated buildings in as DLs change

 

1 3



Bulletin of Earthquake Engineering

To better study the effects in terms of statistical response of structure using the fragility 
curves, a summary parameter called mean damage µd was used. This parameter describes 
the mean statistical damage of structure that occurs after a seismic event. It is calculated 
through Eq. 6:

	 µ d =
∑

5
i=0 (pDLi i)� (6)

where pDLi is weighted by i = 0,1,2,3,4 or 5 passing from DL0 to DL5.
The calculation was performed by entering in each fragility curve (of three models) with 

the values of PGA at the bedrock of each selected input motion. The µd value may be 
conveniently converted into an equivalent discrete damage level by assuming a binominal 
distribution, leading to the following conversion intervals (Lagomarsino and Giovinazzi 
2006): 0-0.7 for DL0; 0.7–1.6 for DL1; 1.6–2.5 for DL2; 2.5–3.4 for DL3; 3.4–4.3 for DL4; 
4.3-5 for DL5. This type of graphical representation was already used in another paper of 
Authors (see e.g. Brunelli et al. 2022a). This conversion intervals are used to define the 
“square metric” in Fig. 13. The grey fillings indicate a difference of 1 or 2 DLs between 
the mean damage of FB and complaint base model. The bisector dividing the area into two 
regions is also shown, with the area above indicating greater damage in the model with the 
interaction, and the area below indicating greater damage in the fixed-base model. As the 
conversion is based on a range of variations, there is a region (light grey rectangles) where 

Fig. 13  Comparison among the µd resulting from the different analysed SUs from the curves expressed 
as a function of PGA
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the two models have the same µd. Since it was already noted that for the two interaction 
models (SFSI and FSFI) the differences were minimal, only the comparison between the µd 
of the FB model (on the X-axis) and the model µd with cross interaction FSFI (on the Y-axis) 
was depicted in Fig. 13.

The model with only site amplification (FB) has a significant overestimation of damage, 
even 2 and 3 DLs (see e.g. Figure 13a, b with soil S4 or Fig. 13f for all soils). This result 
has been confirmed by all examined soil profiles and structural units for the two buildings 
in aggregate. Only in some cases, the differences are smaller, especially in the case of S2 
for all the units except for SU 4 of A2 (see Fig. 13f). However, in all cases, the model with 
the SFSI reduces the expected damage, and never leads to an overestimation of the damage.

5  Conclusions

The seismic performance of a building aggregate can be influenced by foundation-soil-
foundation interaction (FSFI), in addition to standard soil-foundation-structure interaction 
(SFSI) and site effects (SE). While several approaches exist in the literature to address these 
issues for standalone constructions, buildings in aggregates are often modeled as isolated 
and fixed at their base. This paper investigates the effects of SFSI and FSFI on the period 
and damping ratio estimates of typical URM buildings for the development of fragility 
curves.

Three structural classes of masonry buildings, typical of Italian and European heritage, 
were identified. The reduction in static stiffness due to the proximity of the foundations of 
both the same and neighboring buildings was then estimated.

Translational motions of the foundations are most affected by the interaction with the 
soil and neighboring foundations through the shared soil. The lowest stiffness values are 
obtained for the horizontal degree of freedom along the y-axis (almost 20% less than in the 
case of isolated foundations), which corresponds to the direction along which the footings 
are aligned, especially when they are located inside the building (central footings).

Residential masonry buildings in aggregate, which are typical of small historical centres, 
constitute the class that experiences the greatest reduction in stiffness because their founda-
tions are characterized by smaller S/B ratios and, consequently, higher reduction coefficients 
due to group effects. Conversely, structural classes with higher S/B ratios in their founda-
tions experience a smaller, albeit non-negligible, reduction in stiffness.

For the building classes considered, the period and damping variation from the fixed base 
condition have been evaluated. The results are grouped into spindles showing the range of 
period variability, for different building classes, as the foundation shape ratio, L/B, changes. 
When the interaction is considered, the spindle shifts upward (higher periods) and the differ-
ence between T* and T0 increases when the presence of nearby buildings is included.

Subsequently, the paper analyzed two representative buildings in aggregate inspired by 
the historic center of Visso, investigating three different configurations: the Fixed Base (FB) 
model, which only considers site amplification; the Compliant Base (CB) model, which 
incorporates structure-soil interaction (SFSI); and a configuration that includes the addi-
tional contribution from foundation-soil-foundation interaction (FSFI).

NLDAs were performed with input accelerograms obtained from local seismic responses 
for four soil profiles. The analyses were then divided according to the maximum damage 
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obtained with that accelerogram, and the fragility curve was computed for DLs compat-
ible with the EMS98 definitions for the three models. The fixed-base model overestimates 
the probability of failure. In particular, the ratio of the median value of the fragility curves 
obtained from the compliant base (SFSI or FSFI) models and that obtained from the fixed 
base model ranges between 1.2 and 1.6. The results of the cross-interaction models showed 
slightly higher values than those considering only the SFSI. In some cases, the two formula-
tions differed more, with a higher scaling factor for the foundation-foundation interaction 
model. However, although there is a noticeable reduction in stiffness at the base of the 
masonry units, the additional contribution of the footing-footing interaction has a mod-
est impact on the fragility curves, at least for the case studies examined to date. What is 
clear is that when considering the model with site amplification only, for almost all the 
subsoil profiles and structural units considered, there is a significant overestimation of the 
expected damage compared to the actual one, even by 2–3 DL. In a few cases the differences 
are smaller. On the contrary, the model with foundation-to-foundation interaction (FSFI) 
reduces the expected damage and never leads to an overestimation. The model with SFSI 
(traditional) leads to the same results, although it normally lies somewhere in between the 
other two models considered.

6  Annex I

Tables with median values (IM50) and deviations (σ) for each modelling and soil configu-
ration for the different structural units of the two aggregates are shown. In the case of an 
analysis value of less than 10, the fragility curves are not reported as they are considered to 
have low statistical robustness.

Building in Aggregate A1.

Table 1  Annex: value of fragility curves for A1 and soil S1
SU1 SU2 SU3
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.040 0.443 27 0.066 0.427 47 0.053 0.458 51
DL2 0.105 0.443 128 0.132 0.427 110 0.137 0.458 138
DL3 0.195 0.307 23 0.210 0.301 23 0.229 0.278 20
DL4 0.227 0.307 55 0.224 0.301 42 0.271 0.278 76
DL5 0.369 0.307 100 0.371 0.301 97 0.473 0.278 46

CB
SFSI

DL1 0.071 0.454 49 0.087 0.408 47 0.076 0.408 55
DL2 0.142 0.454 113 0.161 0.408 104 0.176 0.408 169
DL3 0.224 0.329 43 0.232 0.325 52 0.296 0.316 11
DL4 0.315 0.329 75 0.346 0.325 64 0.407 0.316 71
DL5 0.432 0.329 33 0.451 0.325 25 0.569 0.316 2

CB
FSFI

DL1 0.077 0.432 54 0.091 0.398 47 0.078 0.411 55
DL2 0.152 0.432 113 0.170 0.398 114 0.182 0.411 170
DL3 0.229 0.337 40 0.236 0.325 43 0.335 0.292 9
DL4 0.331 0.337 80 0.361 0.325 65 0.416 0.292 66
DL5 0.450 0.337 22 0.469 0.325 19 0.569 0.292 2
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Table 2  Annex: Value of fragility curves for A1 and soil S2
SU1 SU2 SU3
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.070 0.453 74 0.082 0.420 72 0.071 0.461 82
DL2 0.136 0.453 92 0.166 0.420 83 0.162 0.461 118
DL3 0.230 0.313 23 0.217 0.298 22 0.230 0.286 20
DL4 0.236 0.313 52 0.238 0.298 45 0.303 0.286 69
DL5 0.387 0.313 85 0.397 0.298 80 0.490 0.286 36

CB
SFSI

DL1 0.080 0.452 83 0.102 0.423 66 0.083 0.432 74
DL2 0.159 0.452 81 0.179 0.423 82 0.180 0.432 145
DL3 0.220 0.301 37 0.230 0.315 37 0.271 0.314 13
DL4 0.287 0.301 64 0.309 0.315 58 0.393 0.314 71
DL5 0.434 0.301 49 0.455 0.315 39 0.487 0.314 7

CB
FSFI

DL1 0.079 0.440 80 0.102 0.416 61 0.090 0.439 74
DL2 0.161 0.440 86 0.179 0.416 88 0.185 0.439 143
DL3 0.220 0.282 39 0.234 0.309 37 0.256 0.283 15
DL4 0.299 0.282 61 0.320 0.309 61 0.411 0.283 66
DL5 0.452 0.282 44 0.482 0.309 32 0.531 0.283 5

Table 3  Annex: Value of fragility curves for A1 and soil S3
SU1 SU2 SU3
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.045 0.388 32 0.063 0.425 34 0.054 0.429 41
DL2 0.105 0.388 107 0.129 0.425 108 0.135 0.429 138
DL3 0.206 0.331 27 0.197 0.326 26 0.225 0.270 8
DL4 0.211 0.331 38 0.212 0.326 20 0.262 0.270 88
DL5 0.339 0.331 123 0.340 0.326 122 0.474 0.270 48

CB
SFSI

DL1 0.073 0.401 46 0.087 0.383 46 0.084 0.413 45
DL2 0.158 0.401 116 0.174 0.383 116 0.184 0.413 164
DL3 0.227 0.330 33 0.238 0.340 31 2
DL4 0.325 0.330 65 0.343 0.340 57 0.389 0.340 78
DL5 0.426 0.330 37 0.429 0.340 33 0

CB
FSFI

DL1 0.078 0.394 51 0.091 0.386 47 0.090 0.410 41
DL2 0.167 0.394 123 0.180 0.386 127 0.193 0.410 171
DL3 0.238 0.329 29 0.244 0.319 24 0.396 0.319 2
DL4 0.342 0.329 66 0.364 0.319 64 0.408 0.319 68
DL5 0.440 0.329 29 0.454 0.319 21 0

Table 4  Annex: Value of fragility curves for A1 and soil S4
SU1 SU2 SU3
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.103 0.467 88 0.128 0.410 59 0.107 0.451 85
DL2 0.203 0.467 92 0.230 0.410 97 0.238 0.451 119
DL3 0.297 0.277 32 0.325 0.265 16 0.358 0.248 3
DL4 0.300 0.277 15 0.314 0.265 9 0.424 0.248 54
DL5 0.431 0.277 53 0.431 0.265 53 0.586 0.248 2
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Table 4  Annex: Value of fragility curves for A1 and soil S4
SU1 SU2 SU3
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

CB
SFSI

DL1 0.122 0.440 70 0.161 0.379 67 0.139 0.404 68
DL2 0.255 0.440 128 0.275 0.379 115 0.279 0.404 158
DL3 0.367 0.255 20 0.404 0.233 17 0
DL4 0.445 0.255 18 0.478 0.233 16 0.537 0.235 13
DL5 0.532 0.255 8 0.550 0.233 4 0

CB
FSFI

DL1 0.128 0.427 76 0.166 0.381 71 0.149 0.402 63
DL2 0.270 0.427 135 0.289 0.381 124 0.285 0.402 157
DL3 0.403 0.244 14 0.414 0.183 9 0
DL4 0.493 0.244 17 0.512 0.183 14 0.535 0.185 9
DL5 0.619 0.244 2 0.619 0.183 2 0

Fig. 1  Annex: Fragility curves for A1
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Building in aggregate A2.

Table 5  Annex: Value of fragility curves for A2 and soil S1
SU1 SU2 SU4
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.042 0.451 29 0.052 0.439 56 0.078 0.404 65
DL2 0.104 0.451 125 0.128 0.439 95 0.117 0.404 32
DL3 0.190 0.318 14 0.150 0.341 12 0.160 0.353 30
DL4 0.223 0.318 55 0.203 0.341 66 0.195 0.353 61
DL5 0.354 0.318 110 0.363 0.341 104 0.339 0.353 123

CB
SFSI

DL1 0.054 0.483 61 0.085 0.397 107 0.116 0.386 143
DL2 0.145 0.483 138 0.185 0.397 85 0.226 0.386 42
DL3 0.235 0.313 54 0.251 0.369 5 0.258 0.305 50
DL4 0.385 0.313 66 0.320 0.369 106 0.405 0.305 60
DL5 0.429 0.313 15 0.453 0.369 16 0.528 0.305 7

CB
FSFI

DL1 0.056 0.468 64 0.085 0.418 103 0.124 0.401 135
DL2 0.149 0.468 137 0.184 0.418 92 0.232 0.401 44
DL3 0.236 0.303 53 0.246 0.359 8 0.273 0.309 48
DL4 0.387 0.303 63 0.330 0.359 100 0.412 0.309 57
DL5 0.446 0.303 16 0.473 0.359 14 0.519 0.309 6

Table 6  Annex: Value of fragility curves for A2 and soil S2
SU1 SU2 SU4
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.065 0.504 66 0.075 0.460 97 0.105 0.419 81
DL2 0.132 0.504 113 0.160 0.460 74 0.158 0.419 27
DL3 0.199 0.291 12 0.216 0.311 10 0.209 0.334 16
DL4 0.232 0.291 50 0.220 0.311 58 0.226 0.334 54
DL5 0.386 0.291 90 0.387 0.311 88 0.363 0.334 101

CB
SFSI

DL1 0.068 0.463 96 0.090 0.506 150 0.132 0.387 124
DL2 0.165 0.463 97 0.210 0.506 44 0.205 0.387 24
DL3 0.226 0.303 40 0.258 0.329 7 0.254 0.281 40
DL4 0.321 0.303 61 0.284 0.329 89 0.350 0.281 59
DL5 0.440 0.303 39 0.455 0.329 39 0.518 0.281 23

CB
FSFI

DL1 0.069 0.446 98 0.092 0.443 130 0.142 0.352 121
DL2 0.170 0.446 99 0.214 0.443 60 0.250 0.352 20
DL3 0.229 0.292 40 0.219 0.322 3 0.286 0.277 42
DL4 0.333 0.292 65 0.295 0.322 90 0.359 0.277 55
DL5 0.469 0.292 30 0.470 0.322 33 0.517 0.277 22

Table 7  Annex: Value of fragility curves for A2 and soil S3
SU1 SU2 SU4
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.043 0.375 36 0.055 0.421 63 0.075 0.380 57
DL2 0.104 0.375 102 0.124 0.421 85 0.123 0.380 21
DL3 0.184 0.350 15 0.225 0.372 9 0.139 0.356 35
DL4 0.207 0.350 37 0.190 0.372 38 0.189 0.356 47
DL5 0.321 0.350 141 0.323 0.372 137 0.319 0.356 144
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Table 7  Annex: Value of fragility curves for A2 and soil S3
SU1 SU2 SU4
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

CB
SFSI

DL1 0.057 0.436 73 0.086 0.389 105 0.126 0.396 135
DL2 0.153 0.436 132 0.191 0.389 89 0.228 0.396 37
DL3 0.266 0.327 54 0.209 0.351 3 0.295 0.341 52
DL4 0.371 0.327 49 0.328 0.351 96 0.388 0.341 56
DL5 0.432 0.327 26 0.439 0.351 21 0.460 0.341 8

CB
FSFI

DL1 0.059 0.420 76 0.084 0.389 97 0.127 0.369 121
DL2 0.158 0.420 131 0.187 0.389 98 0.232 0.369 45
DL3 0.266 0.329 52 0.244 0.350 6 0.299 0.334 47
DL4 0.379 0.329 50 0.336 0.350 90 0.384 0.334 54
DL5 0.428 0.329 24 0.434 0.350 21 0.460 0.334 11

Table 8  Annex: Value of fragility curves for A2 and soil S4
SU1 SU2 SU4
IM50 [g] σ N analyses IM50 [g] σ N analyses IM50 [g] σ N analyses

FB C DL1 0.113 0.412 119 0.126 0.449 151 0.188 0.342 59
DL2 0.217 0.412 71 0.243 0.449 53 0
DL3 0.309 0.265 19 0 0.262 0.276 22
DL4 0.290 0.265 9 0.296 0.271 15 0.267 0.276 25
DL5 0.412 0.265 70 0.413 0.271 70 0.413 0.276 73

CB
SFSI

DL1 0.114 0.407 92 0.155 0.476 187 0.236 0.398 141
DL2 0.253 0.407 126 0.333 0.476 44 0.387 0.398 13
DL3 0.373 0.264 29 0 0.438 0.234 18
DL4 0.473 0.264 12 0.449 0.269 33 0.493 0.234 15
DL5 0.522 0.264 9 0.511 0.269 7 0

CB
FSFI

DL1 0.120 0.407 93 0.158 0.475 181 0.244 0.377 130
DL2 0.261 0.407 127 0.341 0.475 48 0.415 0.377 18
DL3 0.420 0.237 25 0.441 0.238 5 0.451 0.243 16
DL4 0.483 0.237 15 0.457 0.238 31 0.487 0.243 11
DL5 0 0 0.587 0.243 5
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Fig. 2  Annex: Fragility curves for A2
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