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Seismic behaviour of a suspension bridge with 
dissipative foundations

Luigi Callisto,* Davide Noè Gorini**

Summary
This paper evaluates, with the aid of dynamic numerical analyses, the seismic performance of a long-span suspension bridge that 

was provided with a dissipative foundation system, consisting of a gravel layer interposed between the foundation caisson and a group 
of foundation piles. This system was conceived to permit a controlled development of relative horizontal displacements between the 
caisson and the piles during strong motion, providing an intrinsic limitation to the maximum seismic forces transmitted to the tower 
structure. In the paper, the performance of this innovative foundation layout is evaluated through a series of numerical analyses, in 
which the soil-structure interaction is studied using a direct approach, taking into account explicitly the tower’s subsoil down to the 
bedrock and developing a simplified description of the main structural elements of the bridge. The results of the numerical analyses 
showed that the effect of the dissipative layer built into the tower foundations is limited to frequencies higher than those associated to the 
fundamental tower modes. Moreover, the strength of the dissipative layer is activated only for strong earthquakes, while the horizontal 
displacements of the towers are controlled not only by the resistance of the dissipative gravel layer, but notably by the strength of the 
foundation soils, that provide a first important contribution to the attenuation of the motion amplitudes over a large frequency range.
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1. Introduction

The dynamic response of a structure subjected 
to a large earthquake can be studied using either a 
direct method or a substructure approach, each hav-
ing specific merits and drawbacks. The most com-
monly used substructure method requires the evalu-
ation of the foundation input motion corresponding 
to a massless structure and of the impedance func-
tions describing the stiffness and damping of the 
foundation elements. A dynamic structural analysis 
is then carried out, in which the structure is support-
ed by a compliant base and is subjected to the foun-
dation input motion. Subdividing the problem into 
its principal elements has the advantage of allowing 
a control in each step of the procedure and preserv-
ing the physical significance of each element concur-
ring to the final solution. But the substructure meth-
od uses superposition and is rigorously valid only for 
linear systems, even if non-linearity can be handled, 
to some extent, for instance using domain reduction 
methods and iterative procedures.

On the other hand, a direct approach involves 
the dynamic analysis of a large domain, including 

the structure and a significant portion of the subsoil, 
down to the bedrock. This type of analysis is con-
ceptually more satisfactory, especially for strongly 
non-linear systems, but is difficult to implement, be-
cause of factors related to the necessity to model the 
mechanical behaviour of the soil and the structure 
to a comparable level of complexity. Computational 
efforts are an issue as well, making this approach vi-
able only for very important structures of limited ex-
tension, and only at a final verification stage. 

This paper presents, with reference to the spe-
cific case study of the Izmit Bay suspension bridge, 
a particular method of analysis, implementing a di-
rect approach that however includes only a part of 
the structural members, taking advantage of the par-
ticular dynamic response of the structure at hand. 
The necessity of limiting the structural portion of 
the bridge included in the numerical model stems 
from the large size of the problem: the bridge is 
more than 2500 m long, and rests on a soft soil de-
posit thicker than 200 m: these dimensions make a 
full three-dimensional non-linear dynamic analysis 
practically unfeasible. Besides, the interest in devel-
oping such an approach for the Izmit bridge is relat-
ed on the one hand to the large seismic actions de-
riving from its proximity to an important seismogen-
ic source, and on the other hand to the significant 
non-linearity of its overall dynamic behaviour, pro-
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duced by the deformable foundation soils and by a 
specific dissipative system built into the bridge foun-
dations, consisting of a frictional interface separat-
ing the caisson from the foundation piles. 

The paper presents a method of analysis that 
can be used to develop a simplified yet accurate 
soil-structure interaction model, considering the 
coupled and non-linear response of both the subsoil 
and the structure. The results of the soil-structure in-
teraction analysis provide an insight into the dynam-
ic response of the complex system consisting of the 
structure, its foundation, the dissipative layer, and 
the foundation soil, when subjected to a large earth-
quake. These objectives are accomplished through a 

careful interpretation of the numerical results, con-
sidering at the same time the effectiveness of the dis-
sipative system and the way it affects the dynamic 
response of the soil-foundation system. In the final 
part of the paper, the results of a limited paramet-
ric study are used to emphasise the important role 
played by the frequency content of the seismic input 
and by the strength characteristics of both the fric-
tional interface and the foundation soils on the seis-
mic performance of the structure.

2. Description of the case study

2.1. The suspension bridge over the Izmit Bay

The Izmit roadway Bridge, in Turkey, was opened 
to traffic on July 1st 2016. It is aligned along a North-
South direction and connects the Diliskesi pen-
insula (to the North) to the Hersek peninsula (to 
the South), in close proximity to the Western fring-
es of the North Anatolian fault, as shown in figure 
1. The North Anatolian Fault is a well-studied seis-
mo-genetic source that has caused, since 1939, sever-
al large-magnitude earthquakes, each originating at 
a point located further to the west than the preced-
ing one. STEIN et al. [1997] ascribed this behaviour to 
a progressive westward stress transfer along the fault. 
Indeed, BONHOFF et al. [2013] provided evidence of 
a seismic gap, located between the Ganos and Izmit 
zones of the Marmara sea. This seismic gap can re-
sult either in a single event with a moment magni-
tude M of about 7.4, or in several events with M ≈ 7.0.

The characteristics of the bridge and of its foun-
dation soils have been described by several authors, 
including CHRISTENSEN [2013], DIN JAMAL et al. [2013], 
LYNGS et al. [2013] and ZHANG et al. [2013]. As shown 
in the longitudinal section in figure 2, the bridge has 
a central span of 1550 m and two lateral spans of 566 
m each. The 36 m-wide deck is supported by a pri-
mary suspension system consisting of a pair of cables, 
each made of 110 steel strands to reach an overall di-
ameter of 0.78 m, and by a secondary suspension sys-
tem consisting of 0.2 m-diameter hangers with a lon-
gitudinal spacing of 25 m.

The bridge towers have a height of 252 m from 
the sea level. Their foundations consist of sinking 

Fig. 1 – Plan view of the Izmit Bay bridge (thick line) and 
map of the western fringes of the North Anatolian Fault 
(dashed lines). 
Fig. 1 – Vista planimetrica del ponte sulla Baia di Izmit 
(linea spessa) e delle frange occidentali della Faglia Anatolica 
Settentrionale (linee tratteggiate).

Fig. 2 – Longitudinal section of the Izmit Bay bridge.
Fig. 2 – Sezione longitudinale del ponte sulla Baia di Izmit.
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caissons, resting on a group of 13×15 tubular steel 
piles driven in place from the seabed, which is en-
countered at a depth of about 40 m from the sea lev-
el. The foundation piles were needed to provide suf-
ficient bearing capacity and limit the displacements 
occurring in the soft foundation soils [LYNGS et al., 
2013]. The caissons have dimensions of 54 m and 67 
m in the longitudinal and the transverse direction, 
respectively, and a thickness of 15 m. The founda-
tion piles have a diameter of 2 m, a length of 32 m 
and a spacing of 5 m. 

Because of the high exposure to seismic hazard, 
the tower foundations were designed to allow for a 
relative displacement between the caisson and the 
pile group. To this purpose, a layer of gravel with a 
thickness of 3 m was poured at the seabed level, on 
top of the pile group, to provide a frictional contact 
at the caisson-pile interface. Although in previous ap-
plications disconnected piles have been adopted to 
reduce the shear forces transmitted to the pile heads 
by the static loads [RANDOLPH et al., 1983; WONG et al., 
2001], in the present case this solution, illustrated in 
figure 3, was specifically aimed to limit the seismic 
shear force transmitted from the foundation into the 
base of the tower during a severe seismic event. A 
similar design had already been implemented in the 

foundations of the Rion Antirion cable-stayed bridge 
[PECKER, 2003].

Figure 3 shows that at the location of the North 
Tower, the subsoil encountered below the seabed 
consists of a sequence of silty sands and silty clays 
(N1 to N3), down to the depth of 28 m from the sea-
bed. At a larger depth, a thick and relatively uniform 
layer of medium to stiff clay (N4) is found. This layer 
extends down to a claystone deposit that can be re-
garded as a bedrock of finite stiffness. At the North 
Tower location, the claystone deposit is encountered 
at a depth of 145 m from the seabed. At the location 
of the South Tower (Fig. 3) soft to medium-stiff clay-
ey layers (S1 to S3) extend from the seabed down to 
a depth of 35 m, followed by a succession of sands 
and medium-stiff clay layers (S4 to S6). At a depth of 
about 100 m a stiff clay deposit (S7) is encountered, 
down to the maximum depth (190 m) reached by 
the geotechnical investigation. Therefore, at this lo-
cation it was not possible to define the depth of the 
bedrock. The profiles of the shear wave velocity Vs 
originate from a series of down-hole tests [ZHANG et 
al., 2013] slightly modified to derive for each tower 
a single analytical relationship between Vs and the in 
situ effective stress.

This paper focuses mainly on the seismic re-
sponse of the North Tower foundation. With refer-

Fig. 3 – Soil profile at the North and South bridge towers.
Fig. 3 – Profilo stratigrafico in corrispondenza della Torre Nord e della Torre Sud.
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ence to this location, table I lists the values of the 
strength and stiffness parameters adopted in the 
analyses for each soil layer, obtained through lab-
oratory tests (triaxial tests, torsional shear and res-
onant column tests) and from in-situ tests (CPTU 
tests and down-hole tests) as reported by ZHANG et 
al. [2013] and LYNGS et al. [2013]. In table I, Sb is 
the thickness of each layer, γ is the unit weight, c’ 
is the effective cohesion, ϕ’ is the angle of shearing 
resistance, Vs,m is the average shear wave velocity as-
signed to each layer and K0 is the earth pressure co-
efficient at rest.

2.2. Design ground motions

It is interesting to consider the two ultimate lim-
it state earthquake (ULS) scenarios that were de-
fined for the bridge: a Safety Evaluation Earthquake 
(SEE) with a return period TR = 1000 years, and a 
No-Collapse Earthquake (NCE) with TR = 2475 years 
[ZHANG et al., 2013]. Representative seismic actions 
for these ULS can be derived from a probabilistic 
assessment of the seismic hazard that was carried 
out for the nearby Istanbul area within the SHARE 
project (www.share-eu.org), resulting in a set of uni-
form-hazard spectra [WOESSNER et al., 2013]. In ad-
dition to this available information, a deterministic 
seismic hazard analysis was carried out with refer-
ence to the specific location of the bridge relative 
to the North Anatolian Fault, using the attenuation 
relationship proposed by CHIOU and YOUNGS [2014]. 
Based on the results of the probabilistic and the de-
terministic analysis and the actual distance and mag-
nitude intervals, two seismic records were selected 
in the present study as representative of the motion 
on a medium-stiff outcrop for the NCE and SEE sce-

narios, namely the Tabas (Iran, 1978) and the Cape 
Mendocino (California, 1992) records, respective-
ly (Record references: NGA_143TABAS and NGA_
828CAPEMEND in the PEER Ground Motion Data-
base, Section NGA-West2, https://ngawest2.berke-
ley.edu). These records were scaled for compatibil-
ity with the elastic response spectra, using scaling 
factors of 0.76 for the Tabas and of 1.57 for the Cape 
Mendocino record, respectively. The signals were 
low-pass filtered at 15 Hz for compatibility with the 
numerical computations described later. As most of 
the results shown in the following refer to the most 
severe NCE earthquake, it interesting to observe in 
figure 4, relative to the NCE seismic input, the sat-
isfactory comparison between the 5 %-damped elas-
tic spectra of the two horizontal components of the 
scaled Tabas record and the corresponding elastic 
spectrum derived from the seismic hazard analy-
sis. Because of the specific orientation of the bridge 
with respect to the North Anatolian Fault, it can 
be assumed that the fault-normal and fault-parallel 
components of the seismic motion act in the longi-
tudinal and transversal directions of the bridge, re-
spectively.

The main properties of the selected seismic re-
cords are reported in table II, where amax is the max-
imum acceleration, IA is the Arias Intensity, Ts is the 
significant duration and Tm is the mean period of 
the seismic record as defined by RATHJE et al. [1998]. 
Note that the moment magnitude M, the Joyner and 
Boore distance RJB and the average shear wave veloc-
ity VS,30 for the upper 30 m-depth reported in the ta-
ble for the seismic event that originated the two re-
cords are entirely compatible with the seismo-tecton-
ic setting at the Izmit bay bridge location.

Fig. 4 – Comparison between the 5%-damped design ela-
stic spectrum for the NCE and the elastic spectra for the 
Tabas record. 
Fig. 4 – Confronto fra lo spettro di risposta elastico (con 
rapporto di smorzamento del 5 %) per lo stato limite NCE e i 
corrispondenti spettri della registrazione di Tabas.

Fig. 5 – Modulus decay G/G0 and equivalent damping ra-
tio D, plotted as a function of the shear strain amplitude 
γa: comparison between experimental data and prediction 
of the hysteretic soil model for the layer N4. 
Fig. 5 – Curva di riduzione del rapporto di rigidezza G/G0 e 
del rapporto di smorzamento D in funzione dell’ampiezza della 
deformazione di taglio γa: confronto fra dati sperimentali e 
previsioni del modello isteretico per lo strato N4.
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3. Development of the numerical model

3.1. Soil model and free-field response

The seismic behaviour of the Izmit bridge was 
evaluated using several three-dimensional dynamic 
analyses carried out in the time domain with the fi-
nite-difference code FLAC3D v. 5.0 (ITASCA, 2012). 
In the analyses, the mechanical behaviour of the soil 
under cyclic loading was described through the hys-
teretic damping model implemented in FLAC3D, 
coupled with a Mohr-Coulomb plasticity criterion 
and a non-associated flow rule, in which the angle of 
dilatancy was set to zero to avoid unrealistic increas-
es in the soil strength under undrained conditions 
[POTTS and ZDRAVKOVIĆ, 2001]. The hysteretic damp-
ing model is essentially a non-linear elastic model 
that simulates the unloading-reloading behaviour 
using an extension of the MASING [1926] rules to 
three-dimensional states of stress. Additional details 
on the hysteretic damping model were provided by 
CALLISTO and SOCCODATO [2010]. 

The hysteretic model can be calibrated on the 
basis of the small-strain shear stiffness and of a nor-
malised backbone curve. For the present case, the 
small-strain shear stiffness was evaluated from the 
profiles of the shear wave velocity shown in figure 
3. The backbone curve was calibrated to reproduce 
both the modulus decay curves and the damping 
curves reported by ZHANG et al. [2013] for the differ-
ent soil layers found at the towers location. Only one 
example of this calibration is presented here, for the 
sake of brevity: figure 5 shows a comparison of the 
experimental data available for the stiff clay layer N4 
with the model prediction. The modulus decay pre-
dicted by the hysteretic damping model is somewhat 
more gradual than the one shown by the experimen-
tal results. This was a deliberate choice: preliminary 
analyses showed that an exact match of the exper-
imental curve in an element test produced, under 
the three-dimensional conditions of the numerical 
analyses, an unrealistically rapid degradation of the 
stiffness, due to the simultaneous contribution of all 
the strain components. Overall, the match shown in 
figure 5 is still reasonably good, also considering the 

necessity of producing a reasonable damping ratio, 
up to a maximum strain of about 0.2 %, roughly cor-
responding to the mobilisation of the shear strength 
in the soil.

In a first stage the site response in the free-field 
at the towers location was evaluated, applying the 
three components of each seismic record to the bot-
tom boundary of a FLAC3D column. For the North 
Tower location, the deformability of the bedrock was 
taken into account by converting the acceleration 
time history into a stress time history, which is a func-
tion of the stiffness of the bedrock. This procedure 
was originally proposed by JOYNER and CHEN [1975], 
while its implementation in a FLAC analysis was ex-
plained in detail by CALLISTO et al. [2013]. The anal-
yses were carried out in undrained conditions, in 
terms of effective stresses. Care was needed to select 
a value for the bulk modulus of the water that was 
large enough to ensure undrained conditions, but 
that was at the same time compatible with a reason-
able time increment in the explicit time-domain cal-
culation scheme, resulting in acceptable calculation 
times. For the free-field analyses, the bulk modulus 
of the water was taken equal to 2.2 GPa, resulting in 
a calculation time increment ∆t = 5×10-7 s.

For the fine-grained layers, checks were made to 
confirm that the undrained shear strength predict-
ed in triaxial compression by the effective-stress soil 
model employed in the analysis was compatible with 
the laboratory and field measurements.

Some results of the free-field site response anal-
yses at the North Tower location are illustrated in 
figure 6, and are relative to the dynamic response 
computed from the three-dimensional calculation, 
looking at the longitudinal direction of the bridge 
(fault normal). The figure shows, for the two dif-
ferent earthquake scenarios, the time histories 
(Fig. 6a) and the 5%-damped elastic spectra (Fig. 
6b) computed at the seabed level, compared with 
the corresponding diagrams for the outcrop mo-
tion. It is evident that the propagation through the 
soft upper layers produces a substantial reduction 
of the motion amplitude over a large frequency in-
terval. It can also be observed that the site response 
for the two different seismic records is very similar. 

Layer
Sb

(m)
γ

(kN/m3)
c’

(kPa)
ϕ'
(°)

VS,m

(m/s)
K0

N0 - Soft clay 3.0 17.5 0 24 177 0.59

N1 - Medium dense sand 10.0 18.0 0 41 194 0.34

N2 - Medium stiff clay 8.0 18.5 8 28 232 0.78

N3 - Dense sand and gravel 7.0 19.0 0 42 251 0.33

N4 - Stiff clay 118.0 19.0 15 27 323 0.73

Bedrock - 19.1 - - 750 -

Tab. I. – Physical and mechanical properties of the foundation soils at the North Tower locations.
Tab. I – Proprietà fisiche e meccaniche dei terreni di fondazione in corrispondenza della Torre Nord.
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This happens because the de-amplification of the 
motion amplitudes is produced by the attainment 
of the soil strength during strong motion, especial-
ly within the soil layer N2 located 13 m to 20 m be-
low the seabed: for this layer, using the strength pa-
rameters and the K0 value reported in table I, it is 
possible to calculate through a pseudo-static anal-
ysis of the soil column a critical horizonal acceler-
ation ranging from 0.18 to 0.19 g, consistent with 
the acceleration cut-off visible in figure 6a. The at-
tainment of the soil strength limits the maximum 
accelerations transmitted to the upper soil layer 
to values that depend on the soil strength, rather 
than on the motion properties. After the propaga-
tion, the permanent horizontal displacements of 
the seabed computed in the free-field analysis in 
the longitudinal direction are equal to 0.40 m for 
the Cape Mendocino record, and to 0.18 m for the 
Tabas record.

It is clear that the seismic response obtained in 
the free-field analyses cannot be deemed represent-
ative of the actual seismic actions that are transmit-
ted to the structure of the bridge during a seismic 

event, because it neglects entirely the influence of 
the foundation piles, that are expected to increase 
the resistance of the subsoil, and does not account 
for the dynamic structural response of the bridge. 
Therefore, for the case at hand a coupled analysis 
of the soil-structure interaction appears indeed nec-
essary to investigate the actual seismic behaviour of 
the bridge.

3.2. Development of a simplified structural model

A useful term of comparison for this study was 
provided by a global structural model, that was devel-
oped and made available by AVERARDI RIPARI [2014] 
and by SCARDINO [2015] using the finite-element 
code SAP2000. This structural model was used to 
carry out a modal analysis of the entire bridge assum-
ing a fixed base. An accurate inspection of the re-
sults of this modal analysis, entailing more than 600 
vibration modes provided a thorough insight into 
the dynamic behaviour of the bridge structure. The 
first vibration mode of the towers occur in the trans-
verse direction with a period of 5.46 s, while the sec-
ond mode engages the longitudinal response of the 

Fig. 6 – a) Acceleration time-histories and b) 5%-dam-
ped elastic spectra computed in free-field site response 
analyses at the North Tower seabed.
Fig. 6 – a) Accelerogrammi e b) spettri elastici di riposta calcolati 
al fondale marino in corrispondenza delle Torre Nord in 
condizioni di free field.

Fig. 7 – Scheme of the simplified structural model for the 
bridge towers. 
Fig. 7 – Schema del modello strutturale semplificato utilizzato per 
le torri.
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towers with a period of 1.96 s. The relative mass par-
ticipation ratios of the towers are equal to 84 % and 
70 % for the transverse and the longitudinal mode, 
respectively: therefore, the dynamic response of the 
towers appears to be controlled mainly by these two 
vibration modes. It is important to observe that the 
towers and the anchorages of the bridge are con-
nected to each other only through the suspension 
system and the deck (note that the deck is connect-
ed to the towers only in the transverse direction). 
In turn, the suspension system and the deck vibrate 
with very large periods (the first transverse and lon-
gitudinal modes have natural periods of 19 s and 13 
s, respectively). Therefore, the modal analysis of the 
entire structure showed that it is reasonable to as-
sume that the dynamic response at the four foun-
dations of the bridge (the two towers and the two 
anchorages) is substantially decoupled, and this ob-
servation made it possible to analyse each founda-
tion element separately, modelling the suspension 
system and the deck as a system of masses connected 
to fixed points through a series of springs.

A simplified structural model was then devel-
oped in FLAC3D, aiming to reproduce essentially 
the first two tower vibration modes, relative to the 
transverse and longitudinal deformation, respective-
ly. This simplified structural model is shown sche-
matically in figure 7. It consists of a series of beam 
elements that replicate closely the geometry of the 
tower, including the distribution of mass and stiff-
ness in the two legs and in the two transverse beams. 
The tower model is restrained in both directions by 
a set of high-bending-stiffness beam elements that 
through their density and their axial stiffness repro-
duce the stiffness and the mass of the suspension ca-
bles participating to the two oscillation modes con-
sidered. Each beam element is connected to the tow-
er only in its axial direction, and therefore it is only 
in that direction that its mass and stiffness influence 
the structural response.

Taking the modal analysis of the bridge structure 
as a reference, it was seen that further structural el-
ements were needed to simulate the inertial contri-
bution of the mass of the deck, which is transmit-
ted to the tower through the suspension system. To 
this purpose, the simplified structural system was en-
riched with two pendular elements, modelled with 
rigid massless cable elements, each connecting the 
top of the tower to a mass located at the elevation 
of the deck. This suspended mass is connected to a 
longitudinal spring representing the elastic reaction 
of the deck-hangers system in the longitudinal direc-
tion. The inertial reactions of the suspended masses 
are conveyed to the top of the tower only through 
the axial reaction of the pendular elements, as an 
effect of the inclination of these elements that oc-
curs during the seismic motion. Therefore, the ef-
fectiveness of this simplified model required the ac-

tivation of a large strain option in the dynamic com-
putations. Finally, two rigid beam elements provide 
the necessary transverse connection of the deck to 
the tower.

The stiffness of the springs included in the sim-
plified structural model were derived applying stat-
ic forces to the global structural model and deriv-
ing the corresponding displacements. The mass-
es suspended to the pendular elements were eval-
uated subtracting from the mass quota of the en-
tire bridge that participates to the tower longitudi-
nal mode the mass of the towers that participates 
to this same mode. This latter was evaluated from 
a specific additional modal analysis of the global 
structural model, in which only the towers had a 
non-zero mass.

Finally, the masses connected to the top of the 
tower were found by trial and error, implementing 
the following dynamic identification procedure. A 
frequency sweep was applied to the base of the sim-
plified structural model in FLAC3D, in either the 
longitudinal or the transverse direction, monitoring 
the response of several structural points. The sweep 
ranged in the frequency interval of 0.05 to 1.2 Hz, 
selected in order to contain the frequencies asso-
ciated to the first two vibration modes for the tow-
er. The masses added at the top of the tower were 
modified iteratively, until the frequency correspond-
ing to the maximum dynamic response of the tower 
was similar to the frequency evaluated, for the corre-
sponding vibration modes, in the modal analysis of 
the global structural model. As an example, figure 8 
shows the Fourier displacement spectrum for the 
transverse motion of the top of the tower and for the 
longitudinal motion of a point located at an eleva-
tion of 150 m. The maximum spectral response cor-
responds to frequencies of 0.51   Hz (T = 1.96 s) for 
the longitudinal motion and 0.19 Hz (T = 5.26 s) for 
the transverse motion, nearly identical to those eval-

Fig. 8 – Fourier displacement spectra for representative to-
wer nodes, obtained applying longitudinal and transverse 
frequency sweeps at the tower base.
Fig. 8 – Spettro di Fourier degli spostamenti per alcuni nodi del 
modello di torre, ottenuto applicando alla base uno sweep di 
frequenza nelle direzioni longitudinale e trasversale.
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uated with the modal analysis for the corresponding 
vibration modes. The normalised deformed shapes 
obtained in FLAC3D at these frequencies are very 
close to the corresponding modal shapes evaluated 
with the modal analysis of the global structural mod-
el, as shown in figure 9. Table III reports the masses 
and the spring stiffnesses resulting from the identifi-
cation procedure.

A structural viscous damping ratio equal to 2% 
had been selected in the original structural design, 
based on the requirement that the structural mem-
ber should remain in the elastic range even for the 
NCE earthquake. This structural damping was intro-
duced in the computations using the frequency-in-
dependent FLAC3D local damping formulation. 
The effectiveness of this formulation was checked 
by looking at the decay of the free vibrations of the 
model starting from a modal deformation profile.

3.3. Full three-dimensional model

The simplified structural model described in the 
previous section was connected to a three-dimen-
sional numerical model of the soil strata, taken as 
horizontal. Figure 10 shows the complete three-di-
mensional numerical model developed for the 
North Tower. The calculation grid extends 67.5 m 
and 84.0 m away from the tower axis, in the longi-
tudinal and transverse direction respectively, and 
vertically down to the bedrock. FLAC3D free-field 
boundaries were applied to the lateral sides of the 
grid, and their effectiveness was checked by apply-
ing harmonic pulses to the bottom boundary, and 
looking at possible reflected waves at several scrutiny 
points in the grid. The subsoil model was connected 
to the tower structural model through a finite-differ-
ence approximation of the foundation, that includ-
ed: the cylindrical shafts extending from the base of 
the tower legs down to the submerged caisson, the 
caisson, the gravel layer, and the foundation piles.

In FLAC3D, the cylindrical shafts were mod-
elled with additional beam elements having corre-
sponding mass and stiffness. The caisson was mod-
elled as a linearly elastic continuum, with an equiva-

lent mass density that accounted for the water-filled 
chambers. The gravel layer was modelled with rig-
id-perfectly plastic interface elements characterised 
by a purely frictional strength. As the interface ele-
ments are called to describe the non-dilating shear 
strength at the contact between the caisson and the 
gravel layer, their strength was characterised using 
the constant-volume angle of shearing resistance of 
the gravels ϕ’cv, that in the reference analysis was tak-
en equal to 35°, according to the design assumptions 
[LYNGS et al., 2013].

Since the near-field seismic records selected for 
the present study are characterised by significant am-
plitudes of the vertical motion, the response of the 
gravel interface to changes in the normal stresses 
needs to be addressed with particular ca re.

Since the gravel layer is almost entirely confined 
by materials with lower permeability, it was estimat-
ed that under the high-frequency vertical motion it 
would show a partially undrained response, with an 
average degree of consolidation β in the range of 0.5 
to 0.8. Then, any variation ∆N of the vertical force 
produced by the vertical seismic motion increases 
the effective vertical force by ∆N’ = (1- β)×∆N. As a 
consequence, the available strength is increased by:

 ∆Tlim = (1- β)×∆N× µ’ (1)

where µ’ = tan ϕ’cv is the frictional coefficient in 
terms of effective stresses.

Since the FLAC3D interface elements can-
not simulate a partially undrained behaviour, this 
undrained behaviour was described using an equiva-
lent total stress model. Through an equivalence for 
the shear resistance in the interface, a total-stress 
frictional coefficient µ can be evaluated as:

  (2)

where U is the resultant of the pore water pressure 
acting at the bottom of the caisson, and N is the to-
tal vertical force transmitted statically at the caisson-
gravel interface. For the case at hand, the ratio U/N  
is as large as 0.65, because the foundation rests at a 
considerable depth (40 m) below the sea level. The-

Seismic component M
(-)

RJB

(km)
VS,30

(m/s)
amax

(g)
IA

(m/s)
Ts

(s)
Tm

(s)

Tabas, longitudinal

7.35 1.8 766

0.81 12.56 27.86 0.65

Tabas, transverse 0.81 10.51 27.08 0.50

Tabas, vertical 0.50 2.95 24.88 0.27

Cape Mendocino, longitudinal 0.61 3.67 20.70 0.66

Cape Mendocino, transverse 7.01 0.0 713 0.63 3.57 20.18 0.55

Cape Mendocino, vertical 0.16 0.39 17.96 0.53

Tab. II – Properties of the seismic records selected to represent the NCE and the SEE design earthquakes.
Tab. II – Caratteristiche delle registrazioni rappresentative degli eventi sismici associati agli stati limite NCE e SCE.
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refore, using the total stress formulation for the in-
terface of equation (2) any variation ∆N in the verti-
cal load produced by the vertical seismic motion mo-
difies the available strength by ∆Tlim = 0.35×µ’× ∆N, 
that from equation (1) is seen to correspond to β = 
0.65, which is in a fair agreement with the estimate 
of the average degree of consolidation.

In the three-dimensional model the group of 
foundation piles was modelled, together with the 
soil interposed among the piles, as an homogene-
ous elastic continuum with cross-anisotropic me-
chanical properties, with a vertical principal axis of 
isotropy. The mechanical properties of the equiv-
alent piled foundation were evaluated regarding 
the soil-pile assembly as a VOIGT [1889] composite 
in the vertical direction (that is, as a series of piles 
and soil columns connected in parallel) and a REUSS 
[1929] composite in the horizontal direction (that 
is, as piles and soil strips connected in series). Table 
IV reports the elastic properties used for the soil-
pile group, where Ev and Eh are the Young’s moduli 
in the vertical and horizontal direction, respective-
ly, Gh is the shear modulus in the horizontal plane, 

and νvh and νhh are the Poisson ratios for the ver-
tical-horizontal and horizontal-horizontal deforma-
tion ratios, respectively.

The initial distribution of the pore water pres-
sures was hydrostatic, with a total head at the sea 
level. The presence of water above the seabed was 
simulated with a distribution of vertical stresses at 
the upper boundary of the finite difference grid.

Since the simplified structural model includes 
only the masses that participate to the first two vibra-
tion modes of the tower, it was necessary to apply a 
compensating weight to the model in order to repro-
duce a realistic stress distribution in the subsoil. This 
was accomplished applying a distribution of vertical 
stresses to the caisson that produced the desired in-
crease of stresses in the interface and in the subsoil 
without any increment of mass.

3.4. Analysis procedure 

The numerical analyses included several stag-
es. Initially, the in-situ stress state was initialised, 
together with the distribution of pore water pres-
sures. A value for the earth pressure coefficient at 
rest K0 was evaluated using the relationship pro-
posed by MAYNE and KULHAWY [1982] (Tab. I). In 
this initial stage the displacements at the bottom of 
the grid were impeded in both directions, while on 
the lateral sides only the horizontal displacements 
normal to each side were restrained. Subsequently, 
a portion of soil zones was replaced by the soil-pile 
equivalent elastic material, and a staged construc-
tion of the foundations and the structural model 
was carried out under drained conditions. As in 
FLAC3D the hysteretic damping model is available 

Fig. 9 – Comparison of the modal shapes for the first two 
vibration modes of the tower, evaluated with the modal 
analysis of the global model (continuous lines) and with 
the frequency sweep for the tower simplified model (dots).
Fig. 9 – Confronto fra le forme modali relative ai primi due modi 
della torre, valutate dall’analisi modale del modello strutturale 
globale (linee continue) e dagli sweep di frequenza applicati alla 
base del modello semplificato.

Tab. III – Equivalent masses and stiffness of the simplified 
structural model.
Tab. III – Masse e rigidezze equivalenti del modello strutturale 
semplificato.

suspension system deck

Direction ms

(Gg)
ks 

(MN/m)
md 

(Gg)
kd 

(MN/m)

Longitudinal 20.73 9.30 1.86 79.60

Transverse 41.46 9.52 1.86 -

Ev

(GPa)
Eh

(GPa)
Gh

(GPa)
νvh νhh

1.41 0.36 0.12 0.15 0.30

Tab. IV – Elastic properties of the equivalent material used 
to model the pile-soil group.
Tab. IV – Proprietà del materiale elastico equivalente utilizzato 
per descrivere l'insieme pali-terreno.
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only for dynamic loading, in the construction stag-
es the soil was regarded as linearly elastic-perfect-
ly plastic, with an operational elastic stiffness equal 
to 30 % of the small-strain stiffness and a Poisson 
ratio of 0.3.

After this static phase, the nodal displacements 
were set to zero, the FLAC3D free-field conditions 
were activated at the lateral boundaries, the initial 
elastic stiffness was set equal to its small-strain val-
ue and the pre-failure non-linearity of the soil was 
accounted for by activating the hysteretic damping 
model. Finally, the seismic input was applied to the 
model base. To account for the specific deformabil-
ity of the bedrock, the three components of the ac-
celeration record were converted into equivalent 
time-histories of tangential and normal stresses, as 
already discussed).

The dynamic calculations were carried out un-
der undrained conditions, in terms of effective 
stresses, with a water bulk modulus of 2.2 GPa and 
with calculation steps separated by a time incre-
ment of ∆t = 5×10-7 s. Because in the constitutive 
model used for the dynamic simulations energy dis-
sipation results entirely from the hysteretic unload-
ing-reloading cycles, a small amount of addition-
al viscous damping, obtained with a FLAC3D local 
damping set to 1 %, was used to attenuate the soil 
response at very small strains and to reduce spuri-
ous high-frequency noise.

4. Discussion of the results

While for design purposes it would be neces-
sary to use a variety of seismic signals, in the present 
study the response to the Tabas record was deemed 
particularly representative of the behaviour of the 
bridge for a NCE earthquake, because this record 
has a large bandwidth covering the entire NCE uni-
form hazard spectrum (Fig. 4). For the sake of con-
ciseness, only the results relative to the NCE scenar-
io are presented in the following, since it was found 
that the SEE earthquake is not strong enough to ac-
tivate the frictional dissipative layer built into the 
foundations.

Results are discussed initially for a specific case, 
taken as a reference, in which the soil-structure in-
teraction model for the North Tower described in 
the previous sections was subjected to the com-
bined effect of the longitudinal (fault normal) 
and the vertical components of the Tabas (NCE 
limit state) seismic motion. For the analysis case 
taken as a reference, figure 11a shows the time-his-
tory of the relative horizontal displacement devel-
oping in the dissipative gravel layer, between the 
foundation caisson and the top of the pile group. 
Figures 11b and 11c show for comparison the cor-
responding time histories of the longitudinal and 
the vertical accelerations ah and av computed at 
the top of the pile group. In addition to express-

Fig. 10 – a) Complete FLAC3D model used for the soil-structure interaction analyses, and b) vertical section through the 
model centre.
Fig. 10 – a) Modello completo usato in FLAC3D per le analisi di interazione terreno-struttura; b) sezione verticale della parte centrale del 
modello.



RIVISTA ITALIANA DI GEOTECNICA

32 CALLISTO - GORINI 

ing the seismic performance of the foundation, 
the relative displacements occurring across this 
interface is clearly an indicator of how frequent-
ly the strength of the gravel interface is attained, 
highlighting the effectiveness of such a dissipative 
element. During the time interval of 10 to 14 s, 
corresponding to the largest horizontal and verti-
cal accelerations, the relative displacements along 
this interface reach transiently their maximum val-
ues, of about 15-20 mm; at later times, the relative 
displacements show a progressive accumulation 
towards a residual value of about 10 mm; this is 
caused by a combination of smaller horizontal ac-
celerations but relatively important vertical accel-
erations, indicating that the vertical component of 
the seismic motion has an influence on the rel-
ative displacements occurring at the caisson-piles 

interface. Figure 11d shows that the Arias intensi-
ties IA of the horizontal seismic motion, comput-
ed in the caisson and at the pile top, increase with 
different gradients. The values of the Arias inten-
sity at the pile top is always the largest, and this is 
clearly due to the energy dissipation occurring at 
the caisson-pile contact. 

It is interesting to compare the elastic response 
spectrum of the horizontal motion computed in 
the foundation caisson with that obtained from 
a one-dimensional site response analysis, already 
shown in figure 6b. As shown in figure 12, con-
sidering the full soil-structure interaction the in-
put seismic motion is de-amplified only up to pe-
riods of about 0.6 s. Conversely, at larger periods 
the spectral accelerations of the caisson are com-
parable to those of the input seismic signals (at T 
= 0.6-0.9 s) or even larger (at T = 0.9-2.5 s). At the 
fundamental tower periods, also shown in figure 
12, the spectral ordinates obtained from the nu-
merical analysis are about 30 % larger than those 
computed in the free-field site response analysis. 
It should be noted that the period interval of 0.4-
0.9 s (1.1-2.5 Hz), corresponding to the shaded 
area in figure 12, is associated with the dynamic 
response of the caisson resting on the pile group 
for a combination of swaying and rocking motion 
modes.

Figure 13a shows the effect of considering all the 
components of the input motion. If only the longi-
tudinal component of the seismic motion is consid-
ered, the relative displacements are always smaller 
than 10 mm, and the final relative displacement is 
negligible. This finding confirms that the vertical 
accelerations have a significant effect in mobilising 
the strength along the caisson-pile gravelly interface. 

Fig. 11 – North Tower: analysis with longitudinal and ver-
tical seismic input motions. a) Time history of the relative 
horizontal displacements at the caisson-pile interface; b) 
horizontal and c) vertical time histories of the motion at 
piles top; d) temporal increase in the Arias intensity at the 
top of the pile group and within the caisson.
Fig. 11 – Torre Nord: analisi con le componenti del moto in 
direzione longitudinale e verticale. a) Andamento temporale degli 
spostamenti orizzontali relativi al contatto cassone-pali; b), c) 
andamenti temporali del moto orizzontale e verticale alla testa dei 
pali; d) incremento nel tempo dell’intensità di Arias del moto alla 
testa dei pali e nel cassone.

Fig. 12 – Comparison of the input 5 %-damped elastic re-
sponse spectrum with that computed in the foundation 
caisson and with that resulting from a free-field site re-
sponse analysis.
Fig. 12 – Confronto fra lo spettro elastico di risposta dell’azione 
sismica in ingresso, lo spettro valutato in corrispondenza del 
cassone e quello trovato da un’analisi in condizioni di free field.
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Conversely, a dynamic computation considering the 
effect of the three components of the motion results 
in larger relative displacements, indicating a more 
frequent attainment of the strength in the gravel 
interface. In this case the maximum instantaneous 
displacement occurring in the longitudinal direc-
tion reaches 47 mm, with a residual value of about 
18 mm.

The corresponding elastic spectra computed 
for the horizontal longitudinal motion of the foun-
dation caisson are shown in figure 13b, focusing on 
periods smaller than 3 s. It is apparent that in the 
same period interval of 0.4-0.9 s, indicative of the 
seismic response of the foundation, the spectral ac-
celeration amplitudes decrease as the displacements 
at the caisson-pile interface increase. This indicates 
that for this period interval the activation of the dissi-
pative gravel layer produces a desirable reduction of 
the equivalent inertial forces in the superstructure, 
which can be estimated from the ratio of the spectral 
ordinates to be of about 30%.

It is important to observe that, although the 
relative displacements computed at the cais-
son-pile interface are relatively small, the absolute 
horizontal displacements of the caisson are much 
larger. For the case that considers the longitudi-
nal and the vertical seismic motion only, figure 
14 shows the time history of the longitudinal dis-
placement of the caisson relative to the bedrock. 

It can be appreciated that the maximum instan-
taneous displacement is larger than 0.6 m, while 
the final residual displacement is equal to about 
0.11 m. These values are to be considered together 
with figure 15, showing the lines of equal horizon-
tal displacement in a longitudinal section through 
the tower centre at the end of the earthquake. This 
plot indicates that most of the horizontal displace-
ments of the caisson are not produced by a relative 
displacement at the caisson-pile interface, but are 
rather the effect of permanent strains occurring in 
the foundation soils, and notably in the soil strata 
located immediately below the pile tips. Therefore, 
it would seem that most of the de-amplification of 
the input seismic motion, and remarkably that as-
sociated with periods smaller that 0.4-0.5 s, can be 
ascribed to the mobilisation of the strength in the 
foundation soils rather than to the effectiveness of 
the dissipating system built at the caisson-pile in-
terface.

Fig. 13 – Effect of different combinations of the compo-
nents of the seismic motion on a) the relative displace-
ments at the caisson-pile interface; and b) on the elastic 
response spectra in the caisson.
 Fig. 13 – Effetto delle diverse componenti dell’azione sismica sul 
moto: a) spostamenti relativi al contatto cassone-pali; b) spettro 
elastico di risposta del moto del cassone.

Fig. 15. Lines of equal longitudinal displacement and di-
splacement profile at the end of the earthquake
Fig. 15 – Isolinee e profilo degli spostamenti orizzontali calcolati 
in direzione longitudinale al termine del sisma.

Fig. 14 – Time history of the caisson longitudinal displace-
ments relative to the bedrock. 
Fig. 14 – Andamento temporale degli spostamenti relativi fra il 
cassone e il bedrock in direzione longitudinale.
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Starting from the reference case, a limit-
ed parametric study was carried out, in which 
the strength of the gravel interface was varied, 
and seismic records of different frequency con-
tent were applied to the soil-structure interaction 
model. Figure 16 illustrates the effects of reduc-
ing the strength properties of the dissipative in-
terface, for the analysis case including the longi-
tudinal and the vertical components of the seis-
mic motion. As the main objective of the dissipa-
tive layer is to control the maximum seismic forces 
transmitted to the superstructure, it is of interest 
to look, for a given value of the interfa  ce strength, 
at the relationship between the maximum inter-
nal forces in the tower legs and the maximum rel-
ative displacement occurring along the interface. 
Figure 16a shows the maximum relative displace-
ments and the maximum internal forces in one 
of the tower legs for different values of the fric-
tional resistance µ’ of the dissipative interface 
(µ’ = 0.7 is the reference value). Figure 16b de-
picts, for µ’ = 0.7, the profile of the longitudinal 
bending moments in one of the tower legs, com-
puted at a time instant corresponding to the acti-
vation of the strength at the caisson-pile interface. 
As a general result, it can be seen that a decrease 
of the frictional strength of the interface produc-
es an increase of the relative displacements and a 
decrease of the internal forces. A reduction of the 

frictional coefficient µ’ from 0.7 (ϕ’ = 35°) to 0.47 
(ϕ’ = 25°) results in a relatively minor reduction in 
the internal forces, equal to about 12 %. The small 
effect of the interface strength on the maximum 
internal forces in the tower is probably due to the 
following causes:

a) the dynamic interaction between the tower 
and the dissipative interface is low. This is visible 
in figure 12, showing that the periods at which the 
interface modifies the seismic motion is much low-
er than the periods associated with the most signif-
icant tower modes. Therefore, the frictional inter-
face interacts dynamically only with the higher-or-
der tower modes.

b) the internal forces transmitted by the earth-
quake to the foundation are limited by the capacity 
of the soil-foundation system (Fig. 15) rather than 
by the interface strength. Figure 16 shows that in 
order to obtain a significant reduction of the inter-
nal forces in the tower leg, it would be necessary to 
use a much lower interface strength (µ < 0.47), that 
could be perhaps obtained using a polished contact 
surface.

As a final point, figure 17 illustrates further re-
sults obtained, with reference to the No-Collapse 
Earthquake scenario, using the two additional 
seismic records of Ducze (Turkey, 1999) and De-
nali (Alaska, 2002) (Record references: NGA_
8165DUZCE and NGA_2114DENALI in the PEER 

Fig. 16 – a) Maximum displacements and maximum internal forces in one of the tower legs as a function of the frictional 
resistance of the gravel interface, and b) instantaneous profile of the longitudinal bending moments in the tower legs at 
t = 10.96 s for µ’ = 0.7.
Fig. 16 – a) Massimi spostamenti e massime caratteristiche della sollecitazione in una delle gambe della torre, diagrammati in funzione 
della resistenza attritiva µ’ dello strato di interfaccia; b) profilo istantaneo dei momenti flettenti nel piano longitudinale al tempo  
t = 10.96 s e per µ’ = 0.7.
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Ground Motion Database, Section NGA-West2, 
https://ngawest2.berkeley.edu), characterised by 
different frequency contents than the NCE seis-
mic input (see Tab. V). These additional records 
were scaled using factors of 0.93 and 2.52 respec-
tively, to provide the same Arias intensity as the 
Tabas record used in the reference analyses. The 
results of figure 17 were obtained with µ = 0.58, 
considering only the longitudinal component of 
the seismic motion. Figure 17a shows a compari-
son between elastic response spectra of the differ-

ent input signals, while in the diagram in figure 
17b the maximum and the final relative displace-
ments at the caisson-pile interface are plotted as 
a function of the mean period of the input record 
Tm. The relative displacements at the dissipative in-
terface depend clearly on the frequency content of 
the seismic input: the maximum relative displace-
ments are obtained for the low-frequency seismic 
signal of Denali, that produces a significant dynam-
ic interaction with the tower vibration modes. Con-
versely, the high-frequency Ducze signal produced 
very small relative displacements along the dissipa-
tive interface.

In all the analysis cases, equivalent bending cur-
vatures were evaluated from the deformation of the 
pile-soil equivalent composite. These curvatures re-
sulted always at least one order of magnitude smaller 
than those associated with plastic strains in the pile 
sections: the dissipative interface, together with the 
yielding of the foundation soils, limited significant-
ly the horizontal load transmitted to the foundation 
piles.

5. Conclusions

The specific layout adopted for the tower foun-
dations of the Izmit Bay bridge is attractive because 
of its capability to provide an intrinsic limitation to 
the seismic forces transmitted to the structural ele-
ments. This is accomplished by allowing the develop-
ment, under severe seismic actions, of controlled dis-
placements at the contact between the caisson and 
the foundation piles.

The implementation of a substructure approach 
to predict the seismic performance of these foun-
dations is not immediate, because of the important 
nonlinearities deriving by the application of large 
motion amplitudes to the deformable foundation 
soils and to the dissipative interface characterised by 
a limited strength. This paper described a direct ap-
proach to the study of the seismic soil-structure in-
teraction, which hinged on the development of a 
simplified structural model for the bridge towers. 
This simplified structural representation was cou-
pled with a non-linear numerical model of the sub-
soil, producing a full three-dimensional model char-
acterised by a manageable number of degrees of 
freedom, used for a direct dynamic analysis in the 
time domain.

Seismic component location year Mw RJB

(km)
amax

(g)
Ts

(s)
Tm

(s)

Duzce, longitudinal Turkey 1999 7.1 4.21 0.82 22.6 0.25

Denali, longitudinal Alaska 2002 7.9 0.18 0.72 29.8 1.70

Tab. V – Properties of the additional seismic records selected for the parametric study.
Tab. V – Caratteristiche delle registrazioni sismiche aggiuntive utilizzate per lo studio parametrico.

Fig. 17 – a) Elastic response spectra of the three seismic 
records considered for the NCE, and b) computed longi-
tudinal relative displacements at the caisson-pile interfa-
ce, plotted as a function of the respective mean quadratic 
period (µ’ = 0.58, only longitudinal component of the sei-
smic motion).
Fig. 17 – a) Spettri elastici di risposta delle tre azioni 
sismiche considerate per lo stato limite NCE; b) spostamenti 
orizzontali calcolati in direzione longitudinale al contatto 
cassone-pali, diagrammato in funzione dei rispettivi valori 
del periodo quadratico medio (con µ’ = 0.58, considerando la 
sola componente longitudinale del moto sismico).
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The numerical analyses evidenced that the acti-
vation of the frictional interface produces a reduc-
tion of the spectral ordinates of the foundation in-
put motion in the frequency interval correspond-
ing to the dynamic response of the caisson-pile 
foundation system, resulting in somewhat smaller 
internal forces in the tower structure. It was seen 
that this reduction is proportional to the relative 
displacements occurring along the interface and 
therefore is influenced significantly by the verti-
cal component of the seismic motion. The vertical 
component were found to have a beneficial effects, 
reducing the effective contact stresses along the in-
terface and allowing for the development of larger 
relative displacements. 

However, it was seen that in the case at hand 
the frictional interface is able to reduce the seis-
mic actions only at periods quite smaller than the 
fundamental tower periods. It would appear that 
this dissipative system would be better suited for 
structural schemes resulting in stronger dynamic 
interaction with the seismic motion. Moreover, in-
spection of the distribution of the displacements 
in the entire calculation domain revealed that the 
beneficial effects of the frictional interface are 
somewhat limited by the strength of the founda-
tion soils. In fact, most of the horizontal displace-
ments undergone by the tower foundations are re-
lated to displacement gradients occurring within 
the foundation soils, and specifically in the area 
below the pile tips, rather than to the relative dis-
placements occurring along the dissipative inter-
face. Therefore, it would seem that the most im-
portant dissipative effect is provided by the yield-
ing of the foundations soils that interact with the 
pile group, while the attainment of the strength in 
the gravel layer at the caisson-pile interface pro-
vides additional, though less decisive, beneficial 
effects on the seismic behaviour of the founda-
tion. A more significant reduction of the internal 
forces in the structure would require an interface 
strength smaller than 25°, that may be challenging 
to obtain in practice. More generally, the results 
of the present study show that the design of a dis-
sipative system of the kind adopted for this bridge 
would require a more careful consideration of the 
actual strength of the foundation soils.
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Analisi del comportamento sismico di 
un ponte sospeso dotato di fondazioni 
dissipative

In questo articolo si studia la risposta simica di un ponte sospeso 
di grande luce attraverso una serie di analisi numeriche dinamiche. 
Le fondazioni del ponte sono costituite da cassoni affondabili 
poggianti su un gruppo di pali metallici e il cassone è separato 
dalla testa dei pali da uno strato di ghiaia: questo accorgimento 
consente di limitare, attraverso un’interfaccia tra pali e fondazione 
di tipo essenzialmente attritivo, le azioni sismiche trasmesse alla 
struttura in elevazione. Nell’articolo la risposta del ponte viene 
studiata attraverso un approccio diretto, nel quale si utilizza un 
modello numerico tridimensionale che comprende sia i terreni 
di fondazione, sia la struttura in elevazione. Per ridurre l’onere 
computazionale legato alle grandi dimensioni del ponte si propone 
un approccio che, traendo spunto dall’elevata deformabilità dello 
schema strutturale, consente di analizzare separatamente i quattro 
punti d’appoggio del ponte, cioè le fondazioni delle torri e i blocchi 
di ancoraggio. In particolare i risultati presentati nell’articolo si 
riferiscono al comportamento sismico in corrispondenza di una 
delle torri del ponte sospeso, per la quale è stato sviluppato un 
modello strutturale semplificato che, oltre a riprodurre in caratteri 
salienti della torre stessa, contiene elementi reologici aggiuntivi 
che simulano l’interazione della torre con il sistema di sospensione 
e con l’impalcato. Questo modello strutturale semplificato è stato 
dapprima calibrato mediante una procedura di identificazione 
strutturale dinamica, e poi inserito nel modello numerico di 
interazione terreno-struttura, che è stato infine sollecitato con una 
delle azioni sismiche di scenario. I risultati delle analisi mettono in 
luce sia i benefici legati alla presenza dell’interfaccia dissipativa, 
sia le limitazioni di questa scelta progettuale nell’ambito delle 
effettive proprietà meccaniche del sottosuolo. Infatti, a causa delle 
resistenze medio-basse dei terreni di fondazione, gli effetti dissipativi 
che l’interfaccia dovrebbe concentrare al contatto tra pali e cassone 
in realtà appaiono distribuirsi su volumi più ampi di terreno, 
comprendenti quelli ubicati al di sotto della palificata. La parte 
finale dell’articolo presenta un’estensione dei risultati ottenuti, 
discutendo i risultati di uno studio parametrico nel quale si esamina 
l’evoluzione del comportamento sismico del ponte al variare della 
resistenza dell’interfaccia dissipativa e al variare del contenuto in 
frequenza dell’azione sismica.




