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ABSTRACT: The paper proposes fragility curves of masonry towers accounting for Soil-
Foundation-Structure (SFS) interaction under seismic loadings. The effects of structural slen-
derness and soil compliance were investigated by analyzing three structural schemes placed on
different soil typologies. 3D models including the soil, the foundation and the structure were
generated through the FLAC3D code, assigning a strain-softening constitutive law to
masonry and an elasto-plastic hysteretic behavior to soil. The SFS predominant periods were
firstly evaluated by analyzing the model response to a noise signal. Non-linear dynamic ana-
lyses were performed on the overall system excited by different input motions. The results
highlighted the attainment in the masonry of the ultimate tensile and compression strain. Fra-
gility curves, representative of the aforementioned mechanisms, were developed by applying
the cloud-method procedure. Towers founded on soft soils resulted the most damaged, since
soil deformability contributed to increase the seismic ground amplification as well as the struc-
tural displacements.

1 INTRODUCTION

Real-time analyses based on fragility curves are useful to achieve prompt and functional deci-
sions in post-earthquake management of strategic structures and infrastructures. For tall his-
toric structures, such as towers, bell towers or dungeons, reliability of numerical predictions
could significantly be increased if the dynamic soil-foundation-structure (SFS) interaction is
introduced. This aspect has been highlighted in numerous studies, which back-figured the
observed damage of real towers (Di Tommaso et al., 3013; Cosentini et al., 2015; Fiorentino
et al., 2017; de Silva et al., 2018a).
As underlined by Veletsos and Meek (1974) and following studies, the structural behaviour

is modified by soil compliance (inertial interaction), while the interplay between the stiffer
foundation and the surrounding soil could modify the seismic action transmitted by the foun-
dation to the superstructure (kinematic interaction). The combination of the two effects could
improve or reduce the seismic performance of the structure depending on the ongoing struc-
tural pattern (Mylonakis and Gazetas, 2000). Depending on the ratio between the tower
height, h, and the base width, b, de Silva et al. (2015) classified the historic towers in very
slender (h/b>6), slender (3<h/b<6) and squat (h/b<3) structures. Figure 1a-b-c shows three
examples of historic towers belonging to the defined classes.
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Consistently with the proposed classification, the paper analyzes the role of soil compliance
on the seismic performance of squat-to-slender towers placed on stiff or soft soils. The results
are expressed and compared in terms of fragility curves of the SFS system, assuming, as per-
formance, the rotation with respect to the tower base.

2 SOIL-FOUNDATION-STRUCTURE MODELS

The three simplified structural schemes shown in Figure 1d were generated by the finite differ-
ence technique through the FLAC3D software. The thickness of the bearing walls was
increased from the top to the base with an additional enlargement of 0.50m on each side from
the ground to the foundation level, as shown in Figure 1d.
The role of soil compliance on the dynamic response of the different tower schemes was

analyzed with reference to four homogeneous soil typologies representative of ground types
A, B, C, D according to the Italian Building Code (NTC2018). Soil types A and B were
assumed viscoelastic, while soils C and D were modelled as elastic-perfectly plastic materials
with Mohr-Coulomb failure criterion and the cyclic behaviour described through a hysteretic
model available in the code. The decay of G and the increase of D with the shear strain, γ, was
simulated through the sigmoidal functions plotted in Figure 2a, which were calibrated on
laboratory data provided for sands (soil C) by Seed & Idriss (1970) and for clays (soil D) by
Vucetic & Dobry (1991). Table 1 reports the values of soil unit weight, γ, shear wave velocity,
VS, low-strain shear, G0, and bulk, K0, moduli, low-strain damping, D0, and friction angle, ϕ.

The physical and mechanical properties of the masonry (Table 1), assumed the same for the
three structures, were inferred from the results of uniaxial compression tests performed by
Augenti and Parisi (2010) on a brickwork wall made of Neapolitan Yellow Tuff. The experimen-
tal stress-strain law shown in Figure 3 was reduced to the 50% to take into account the degrad-
ation of strength and stiffness due to aging effects, such as suggested by the Commentary to the
Italian Building Code (NTC 2018). The strain-softening behaviour was simulated through a
strain softening constitutive model available in the FLAC3D library. This constitutive law imple-
ments a Mohr-Coulomb shear failure criterion, in which ϕ is assumed constant while c is progres-
sively reduced as the plastic shear strain increases (de Silva et al., 2017; de Silva et al., 2018a).
The value of the friction angle was inferred from numerous triaxial tests performed on the intact
rock, while the initial value of cohesion was calculated from the peak compression strength, σc.

Figure 1. The squat dovecote of Minerbio (a), the slender Carmine bell tower in Naples (b) and the

very slender Asinelli tower in Bologna (c); reference tower models (d).
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The results of a simulated uniaxial compression test plotted in Figure 2b validated the adopted
model, showing a fairly good agreement with the experimental data. The tensile strength was set
equal to 10% σc, with a linear softening until a zero-strength and ultimate strain equal to 0.1%.

The soil domain is 70 m large, 70 m wide and 30 m deep with the structure placed in the
center. The bedrock is simulated through a 5 m-thick layer placed below the soil volume and
characterized by the properties of a rock (soil type A). The infinite extension in depth of the bed-
rock is simulated by means of dashpots attached to the bottom nodes. To minimize the model
size, the so-called ‘free-field’ boundary conditions were imposed along the lateral sides. Since all
the models are symmetric, the analyses were performed considering only one loading direction.

3 DYNAMIC RESPONSE OF SFS SYSTEMS

All models were excited by a noise signal (frequency f = 1÷10 Hz, duration t = 10 s) applied in
the form of a shear-stress time history at the bottom of the analysis domain. The structural
response was monitored over 20 s after the end of the forced-vibration stage to record the free
vibration response of the system. Firstly, the subsoil amplification function was evaluated as the
ratio between the amplitude of the Fast Fourier Transform (FFT) of the free-field acceleration
at the ground level and that of the input motion at the base of the whole 3D domain. Table 2
reports the predominant periods, Ts, of the considered soil deposits, which - as expected -
increase with moving from soil type A to D, i.e. with increasing soil compliance. The predomin-
ant period of the SFS models, T*, was obtained from the FFT of the free vibration flexural dis-
placements, uf, of the tower after subtracting the foundation motion. The obtained values are
reported in Table 2. The variation of the SFS periods normalized to the value, T0, associated to
soil type A, for which no SFS interaction occurs, is shown in Figure 3a as a function of the soil-

Figure 2. G/G0-γ and D-γ curves assigned to soil type C and D (a); experimental vs numerical stress-

strain law of the masonry under uniaxial compression load (b).

Table 1. Soil and masonry properties.

γ VS G0 K0 D0 φ σc σt
kN/m3 m/s MPa MPa % ° MPa MPa

A 22 1200 3168 4224 0.5 - - -

B 20 600 720 1200 0.5 - - -

C 18 300 162 351 0.5 30 - -

D 16 180 52 156 2 25 - -

masonry 12 - 450 655 2 29 2 0.2
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structure relative stiffness, σ, (Veletsos & Meek, 1974). SFS effects resulted negligible for soil
type B regardless of the structural pattern, confirming that the fixed base model can be con-
sidered reliable when σ is higher than 10, in accordance with Veletsos & Meek (1974). The
deformed shapes associated to the predominant period of the SFS systems are shown in
Figure 3b. The increment of the SFS deformability due to soil compliance is clearly recognized
for the slender and very slender towers, while the flexural displacements are negligible for the
squat structure on soft soil C and D. In the latter cases, the structure behaves as a rigid body,
swaying with the same predominant period of the soil deposit. Basing on the previous observa-
tions, the non-linear dynamic analyses were performed on the slender tower placed on soil type
A, C and D and on very slender tower placed on soil A and D. For the sake of brevity, only the
results associated to the slender tower are reported in the following.

4 NONLINEAR DYNAMIC ANALYSES

4.1 Input motions

To perform nonlinear dynamic analyses of the SFS tower systems, fourteen natural accelero-
grams recorded on stiff soils (A or B) were selected trying to assure a proper variability in
frequency content, peak ground and spectral accelerations. The main characteristics of the
selected signals are reported in Table 3: name of earthquake and station, date, moment

Table 2. Fundamental periods, Ts, of the considered soil deposits and pre-

dominant periods T*of the SFS models.

Ts T*
S S

Soil type Squat Slender Very slender

A 0.10 0.18 0.50 1.69

B 0.20 0.19 0.54 1.74

C 0.40 0.22 0.59 1.88

D 0.67 0.23 0.72 2.19

Figure 3. Effect of soil deformability on the ratio between the period T* of the coupled systems and the

period T0 of the fixed base models (a); deformed shapes of the SFS systems (b).
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magnitude, MW, source-station epicentral distance, Repi, equivalent shear wave velocity in the
shallowest 30 m below the station, VS30, predominant period, TP, peak ground acceleration,
PGA, and selected component. In Figure 4 the predominant periods (vertical lines) of the 12
SFS models are superimposed to the acceleration spectra of the adopted input motions. The
input motions were selected so that the same range of spectral accelerations are associated to
towers on soil A, C and D. This choice ensures that all the SFS models are tested within the
same amplitudes of excitation, so differences in the results are “only” due to site effects and
SFS interaction. To facilitate the comparison, the fourteen PGAs and the spectral acceler-
ations associated to the first period of slender towers on soil type A, C and D were fitted with
normal distributions. The probability density function (PDF) of the resulting normal distribu-
tions are shown in Figure 5a and 5b, respectively. For the sake of clarity, the mean, μ, and a
characteristic value associated to the probability of exceedance pex=10% were highlighted.
Regardless of the soil type, the mean value is almost the same and slight differences are recog-
nized in the Sa-values associated to pex=10%.

4.2 Site amplification

The initial conditions for the dynamic analyses were provided by a previous equilibrium stage
of the model under gravity loads. Each input motion was later applied at the bottom of the
analysis domain as described in Section 3. The predicted free field peak ground accelerations

Table 3. Main characteristics of the selected signals.

MW Repi VS30 TP PGA Component
Earthquake Name Station Name Date / Km m/s S g /

1 Manjil, Iran Abbar 21/06/1990 7.4 21.75 723 0.16 0.515 NS

2 Duzce AI_156_VO 19/11/1999 7.1 27.17 482 0.32 0.485 EW

3 Centro Italia Norcia NRC 24/08/2016 6.0 15.30 687 0.22 0.366 NS

4 L‘Aquila V. ATERNO 06/04/2009 6.3 1.80 705 0.14 0.347 NS

5 Kobe, Japan Kobe University 17/01/1995 6.9 25.40 1043 0.42 0.312 EW

6 Greece ITSAK 07/09/1999 5.9 19.83 547 0.12 0.259 EW

7 Parkfield-02 CA PARKFIELD - 9/28/2004 6.0 9.27 906 0.26 0.245 EW

8 Balkan Peninsula Ulcinj-Albatros 15/04/1979 6.9 19.72 A* 0.72 0.210 EW

9 Chi-Chi, Taiwan CHY101 21/09/1999 6.2 44.71 804 0.08 0.152 NS

10 Cosenza Mormanno MRM 25/10/2012 5.2 2.40 1906 0.28 0.125 NS

11 Southern Italy Sannicandro 30/09/1995 5.2 27.78 865 0.06 0.111 NS

12 Loma Prieta SF - Rincon Hill 17/10/1989 6.9 84.06 873 0.54 0.093 EW

13 Tottori, Japan SMNH13 06/10/2000 6.6 106.97 650 0.06 0.055 EW

14 Molise-02, Italy Sannicandro 31/10/2002 5.7 58.33 865 0.18 0.038 EW

Figure 4. Acceleration response spectra of the selected input motions.
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were fitted through normal distributions and compared to the distribution of PGA directly
obtained from the input motions (Figure 5a). The comparison is shown in Figure 6a for the soil
profiles A (PGA_A ff), C (PGA_C ff) and D (PGA_D ff). For the sake of clarity, the mean and
the value associated to a probability of exceedance pex=10% were detailed. Figure 6b shows the
same comparison in terms of spectral accelerations associated to the predominant period of the
slender tower on soil A, C and D with those fitting the input motions (Figure 5b). Negligible
site effects are associated to soil type A, since the distribution of free field PGA and Sa resulted
very close to those of the applied input motions (dashed vs continuous black line in Figure 6a
and Figure 6b). Relevant amplifications resulted for soil C (blue lines), with the mean value of
PGA moving from 0.24g (im) to 0.30g (ff) and Sa(T_C) moving from 0.26g (im) to 0.55g (ff).
Slightly lower increments are associated to soil D (red lines), due to the higher damping associ-
ated to the mobilized shear strains. Even tough the input motions were selected to provide the
same distribution of spectral accelerations for tower founded on stiff and soft soils, significant
differences are shown in ground motions exciting the structures due to site effects.

4.3 Structural response

During the dynamic analyses, the tower keeps oscillating following a pseudo-harmonic trend.
Under the most severe input motions, the displacement amplitude increases until a drift occurs,
thus testifying failure. Under the most severe earthquakes, permanent tensile strains start devel-
oping along the structural height when the flexural displacement uf overcomes 50 mm, as well as

Figure 6. Comparison between the distributions of the peak ground (a) and spectral (b) accelerations

computed in free field conditions (ff) and applied to the model (im).

Figure 5. Distribution of peak ground acceleration (a) and spectral acceleration associated to the first

vibration mode (b) of the slender SFS models.
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plastic shear strains occur at the base of the tower, when uf is higher than 100 mm. Assuming the
peak flexural displacement achieved before failure, ufmax, as performance parameter, the associate
rotation with respect to the tower base was computed, θ= ufmax /h. Note that, under the dynamic
analyses, the values of ufmax are different depending on the input motion, differentley from what
happenes in a non linear statc analysis (de Silva et al., 2018a). To produce fragility curves, the θ
values corresponding to the ufmax induced by the ten most severe input motions were fitted by the
lognormal distributions having the same average value and standard deviation of the numerical
data. The hypothesis of a lognormal distribution of the data was verified through the Kolmo-
gorov-Smirnov statistical test (Smirnov, 1948). The cumulative density functions (CDF) resulting
for the tower placed on soil A, C and D are shown in Figure 7. The rotation of the tower
increases with soil deformability, consistently with the dynamic response of the SFS systems
shown in Figure 3b. Moreover, the higher flexural displacements induce higher permanent strains
and consequently more damage to the tower placed on soft rather than on stiffer soils.

5 DISCUSSION ON FRAGILITY CURVES AND CONCLUSIONS

The performance of the SFS systems was evaluated with reference to two limit states that
define two damage levels. Damage 1 corresponds to the achievement of the softening branch
in the tensile behavior along the tower height, while damage 2 correspond to the accumulation
of permanent displacement due to the attainment of shear strains in the base. The associated
thresholds θt=0.016 and θt=0.03, superimposed to Figure 8, were inferred from the observed
behaviour (see Sec. 4.3).
With reference to these two limit states for the case of slender tower, the corresponding fra-

gility curves were built in terms of spectral acceleration. Following the cloud-method (Jalayer
et al., 2015), the probability of failure was computed as a power law function of the spectral
acceleration, according to the following equation:

P Y41jSað Þ ¼ �
log ηY jSa

σlogY jSa

� �

ð1Þ

Figure 7. Lognormal distribution fitting the maximum rotation of tower with respect to the base.
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in which the demand-to-capacity ratio Y={θi/θt i=1:n} obtained from the n-analyses are
log-normally distributed, with the mean value and the standard deviation correlated to the
spectral acceleration by the following equations:

log ηY jSa ¼ log að Þ þ b log Sað Þ ð2Þ

σlogY jSa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 log Yið Þ � log ηY jSaið Þ2

n� 2

s

ð3Þ

where a and b are calibrated on the basis of numerical results (Kramer, 2014). The resulting
curves associated to the two defined limit states are plotted in Figure 8 a and b, respectively,
as a function of the spectral acceleration. The PDF of the free field spectral accelerations
already shown in Figure 6 are superimposed to Figure 8. As expected, significant probabilities
of failure with respect to the damage type 1 (Figure 8a) are associated even to low spectral
accelerations, especially for the tower founded on soil type C and D. Higher amplitudes of the
ground motion are necessary to likely achieve the more severe damage 2 (Figure 8b), except
for the structure on soil D. Soil deformability increases the displacements associated to the
first modal shape, as shown in Figure 3b, thus inducing higher strains in the structure. In con-
clusion, even though the applied signals induce the same accelerations in the three SFS
models, the probability of failure increases with increasing soil deformability. The softer soil
implies (i) stronger seismic actions transmitted to the structure, as recognized by the PDF of
Saff, and (ii) higher flexural displacements causing irreversible damage to the tower.
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