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The seismic analysis of long-span cable suspended bridges is undoubtedly a problem in structural anal-
ysis that involves a high number of uncertain parameters. In this work, through a probabilistic approach
(Monte Carlo simulation) seismic analysis is carried out able to take into account the variability of certain
factors relating to the seismic input. Displacement time histories, necessary to define seismic scenarios,
are built artificially based on the response spectrum of the site. The analysis is carried out using a 3D
numerical model built using one-dimensional finite elements using ADINA software code. This model
has been developed in conjunction with a purpose-built program in FORTRAN language to conduct the
Monte Carlo simulations. The results expressed in terms of displacements and stresses are described
by their average value and their variance.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The seismic analysis of complex structures is generally a prob-
lem affected by uncertainty. Some of the most important uncertain
parameters are: the location of the epicenter, the seismic intensity
and the attenuation law, the velocity of seismic waves through the
soil, the frequency content of the seismic waves, the local effects of
the site, etc. Aside from these uncertainties, typical of the seismic
analysis of any structure, there are also the uncertainties and
non-linearities of behaviour typical of the complex structures such
as long-span suspension bridges [1,2]. Many uncertainties are
related to the composition of the soil, some are related to the struc-
tural behaviour, i.e. the real distribution of masses and rigidity, and
others to the numerical models used to describe it.

For a so an extensive structure such as a long-span suspension
bridge, complete knowledge of the soil besides being extremely
expensive for such an extensive structure, does not introduce the
seismic analysis into the well-structured problems defined by
Simon [3] since a certain amount of uncertainty would remain
within the problem. Remaining with seismic matters, it seems in
fact impossible to predict with precision the real location of the
epicentre or the prevailing direction of seismic waves.

From a general point of view, the uncertainties can be divided
into three fundamental types: aleatory uncertainties (arising from
the unpredictable nature of the size, the direction or the variability
of environmental action, the parameters estimation), epistemic
uncertainties (deriving from insufficient information as well as
from measurement errors or inadequate modelling) and model
uncertainties (deriving from the approximations present in numer-
ical models). The characterization of uncertainties in engineering
and their treatment within structural problems is an extremely
wide theme; Der Kiureghian and Ditlevsen [4] provide an interest-
ing overview of this topic. In general, random or aleatory uncer-
tainties can be addressed using a reliable procedure to estimate
the parameters involved in the problem [5–8]. Epistemic uncer-
tainty can be reduced by improving the surveys aimed at charac-
terization of the phenomena studied and using fuzzy approaches
[9–11]. Finally, one possible way to reduce model uncertainties is
the use of several FEM models with different levels of detail and
the proper planning of numerical simulations [12,13].

In this context, it is evident that a classic deterministic
approach is inadequate for an appropriate assessment of the
behaviour of a long-span suspension bridge under seismic action.
More reliable approaches can be found in methods to handle
uncertainties in structural problems, such as using probabilistic
formulations or fuzzy theories.
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2. Structure description

The structure analysed in this article shows geometric and
mechanical characteristics based on the design of the bridge over
the Strait of Messina Bridge in 1992 [14]. Although the structure
was not built, the project and the analyses are of great interest
due to the importance of the construction and the problems
involved in the definition of structural behaviour. The project of
1992 provides that the Strait is crossed with a suspended bridge
with a main span of 3300 m in length (Fig. 1). The total length of
the bridge deck, including the side spans, is 3666 m, with a width
of 52 m. The bridge deck is constituted by three box sections
(Fig. 2), the external ones with the task of carrying roadways and
the central one the railway system. Every 30 m the three box sec-
tions are joined by a transverse beam. The shape of the box sec-
tions and the distance that separates them were designed to
reduce the effect of wind on the structure. The longitudinal profile
of the bridge deck is slightly arched, starting from an altitude of
52 m on the side of Sicily, rising to 77 m in the middle of the bridge
and then dropping to 62 m on the side of Calabria. This trend is to
ensure a minimum clearance of 60 m with a width of 600 m, which
is necessary for navigation.

The two towers (Fig. 3) of the suspension bridge (made entirely
of steel) are two multilevel portal frames and reach an altitude of
381 m. The legs are not perfectly vertical but have a transversal
inclination of approximately 2� so that the distance between the
axes of the legs change from approximately 78 m at the base to
52 m at the top. The leg sections are octagonal and can be fitted
within a rectangle of 16 � 12 m. The two legs are connected by 4
transverse beams that mount the structure, approximately 17 m
high and 4 m wide. The structure has four main cables, arranged
in pairs on the vertical side of the ends of the transverse beams
of the bridge deck, and thus at a distance of 52 m. The axle spacing
between the cables of each pair is 1.75 m and each cable has a
diameter of approximately 1.24 m. The effective development of
Fig. 1. Geometrical dimensions of

Fig. 2. Geometrical dimensions of
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the cables is approximately 5240 m and includes 3370 m of cable
length in the central span and 1020 m and 850 m on the two side
spans. The two cables of each pair are connected to each other
every 30 m by steel rings from which hangers extend to connect
and support the bridge deck to the main cables.

The main cables supporting the floor transmit their axial action
in part along the vertical parts of the towers, and in part directly to
the ground, anchored in two large structures (on the side of Sicily
and Calabria), in massive reinforced concrete. The anchor blocks
are different, since the nature of the deposit on which they rest
is diverse. In Sicily, the land is made up of slightly cemented grav-
els while in Calabria there is a more consistent rock. For this reason
the anchoring in Sicily is composed of a block of approximately
328,000 m3 while that in Calabria is approximately 237,000 m3.
Table 1 shows the main mechanical characteristics of the structure.

The main structure of the bridge (except for the anchoring
blocks) is designed in steel. The characteristics of strength and
deformability are shown in Table 2.

3. Definition of seismic input

3.1. Signal generation

For the analysis of structures resistant to seismic action, a
dynamic analysis of response (using a response spectrum or a time
history) is often required by the technical rules. This analysis is
required for all structures that have high non-linearities of behav-
iour, when structures to be analysed have irregularities in plan or
in elevation, or when certain temporal information in the response
of the structure itself must be known [15]. In some cases the most
appropriate dynamic analysis is the step-by-step integration of the
equations of motion characterizing the seismic event. However,
the use of dynamic analysis is linked to the need to have an accel-
erogram representative of the seismicity of the area, data that is
not always present. Besides, a non-deterministic approach would
the Messina Strait Bridge (m).

the bridge-deck section (m).
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Fig. 3. Geometrical dimensions of the towers (m).

Table 1
Main physical property of the elements constituting the structure of the bridge.

Element Area (m2) Itors (m4) Ibend,1 (m4) Ibend,2 (m4)

Main cable 2.02 0.6494 0.3247 0.3247
Hangers close to the tower 0.0327 1.700E�04 8.510E�05 8.510E�05
Hangers close to the quarter of the bridge 0.0117 2.180E�05 1.090E�05 1.090E�05
Hangers close to the centre of the bridge 0.0137 2.987E�05 1.493E�05 1.493E�05
Tower legs 8.4252 52.941 222.3904 131.5288
Transverse beams 1.9792 13.9804 67.2698 6.1036
Roadway box section 0.45 1.1642 0.3589 8.0787
Railway box section 0.2996 0.6877 0.2245 2.4394
Transverse beams 0.3233 1.1344 0.6336 0.7629
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provide for the use of a large number of numerical simulations,
requiring a number of events of certain importance undoubtedly
superior to the number of events recorded to date in the proximity
of the construction site.

There is a clear need to be able to build artificially the temporal
histories representative of the seismicity in a given area. In this
case it is important that the artificial temporal history is consistent
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
dx.doi.org/10.1016/j.engstruct.2014.08.051
with the seismicity of the region and representative of the earth-
quake expected or defined by technical regulations. It is well
known, in fact, that the physical conditions of the site taken into
consideration affect the characteristics of the seismic event
[16,17]. The duration of the event, the frequency content of the
signal and the intensity of the earthquake are strongly affected
by several geological parameters such as the mechanical
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Table 2
Mechanical properties of the steel.

Element Young’s
modulus
(MPa)

Yielding
strength
(MPa)

Ultimate
strength
(MPa)

Cable 190,000 1400 1800
Towers and bridge deck 210,000 355 510
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characteristics of the soil, the geometric shape of the surface, the
distance of the source, and the fault mechanism.

The artificial seismogram can be obtained in different ways
[18]:

1. by selecting and properly modifying real accelerograms;
2. by generating artificial accelerograms based on a model of

the seismic source;
3. by generating artificial accelerograms compatible with a

response spectrum of the project.

However, none of the above is exempt from errors or approxi-
mations with respect to a natural seismic event.

With regard to the first method, Duglas [19] shows how many
of the real accelerograms are affected by recording errors: insuffi-
cient digitizer resolution, S-wave trigger and insufficient sampling
rate are the most common causes of non-standard errors in the
recording of seismic motion. Boore and Bommer [20] also highlight
how experimental measurements from which artificial accelero-
grams are often obtained could be affected by distortions and shift
of the baseline of reference, from which non-realistic diagrams of
velocity and displacement are derived. Therefore, Boore and Bom-
mer propose using a baseline correction method to resolve this
type of error (for more details [20]).

Different major models of the seismic event source are dis-
cussed in Liu and Liu [21] that could be widely used for seismology
studies and earthquakes prediction. However, such models are
usually based on assumptions that simplify the seismic problem.
For example, in many models that are valid from an engineering
perspective, the source is considered localized in a single point. It
appears evident that such models will be all the more approximate
the more the actual source assumes the character of a line or a sur-
face with respect to the observation point.

In this work the third approach is used, artificially generating
accelerograms compatible with a design spectrum. Such approach
has been studied by many researchers and there are several meth-
ods in the literature used to obtain the spectrum-compatible accel-
erograms [22–27]. Such methods are essentially numerical and
will produce accelerograms with spectra that approximate the
design spectrum according to a certain user-defined tolerance.

From the analysis performed, the authors propose the applica-
tion of the methodology referred in the previous point 3 that is
the generation of artificial accelerograms compatible with a design
response spectrum, as explained in Section 4.2.

3.2. Spatial variability

A long-span suspension bridge is a very extensive structure.
This implies that the geological conditions can vary considerably
from one support to another one. The effect of the geologic vari-
ability and uncertainty involved in the seismic problem usually
leads to a loss of coherence of the seismic signal [28–33]. Wang
et al. [34] studied the effect of the loss of coherence of the signal
and the time of propagation of the seismic wave in the ground
on the Jiangyin Yangtse River Bridge, a long-span suspension
bridge of 1385 m by means of random vibration analysis. The
authors conclude that the dynamic response of the towers is
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
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dominated by the seismic excitation at the base of the same and
that the error committed by a modelling that does not consider
the coherence of the signal between the two sides of the bridge
is less than 15%, acceptable for an engineering application. Similar
results were also obtained by Soyluk and Dumanoglu [35] who
compared the dynamic response of a cable-stayed bridge equal
to 344 m using an asynchronous dynamic analysis which took into
account the delay due to the seismic excitation resulting from
wave propagation in the ground and a stochastic approach that is
able to consider the coherence of the signal but not the delay of
the wave. The same authors show how the shear forces in the deck
and towers are higher for the analyses carried out using the asyn-
chronous approach. They attributed such differences to the model-
ling of the delay of the seismic excitation due to finite velocity of
the wave propagation in the ground. In fact, by increasing the
velocity of the seismic wave the authors show how the differences
between the two models produce increasingly similar results.

Continuing with the topic of spatial variability of the signal and
loss of coherence of the same, it is worth mentioning the study car-
ried out by Boissières and Vanmarcke [36] who studied the spatial
correlation with regard to 12 seismic events using a non-paramet-
ric method called multidimensional correlation mapping. The seis-
mic events analysed originated from SMART1 accelerogram array
able to record the seismic event on a square area of
4000 � 4000 m. Their analyses show that the correlation of seismic
movements along the territory varies considerably according to the
event being studied. In general, the correlation appears to be more
significant on the displacements relative to accelerations, more-
over for many events the correlation seems to be strongest along
the epicentral direction rather than along the transverse direction.
From the maps of correlation reported in their article it can be
noted how the correlation factor (set equal to 1.0 in the centre of
the array) decreases to average values of 0.25 on the boundary of
the squared area being examined (2000 m from the centre of the
array) with a number of peaks of 0.7 and many areas of the sur-
rounding area with correlation values below 0.1.

On the basis of these considerations and taking into account the
large size of the structure, the seismic analysis is carried out con-
sidering an asynchronous seismic input. Different displacement
time histories are applied at the connection points between the
structure and the ground.
4. Seismic analysis of a long span bridge

4.1. Definition of the numerical model

With regard to the analysis of the seismic behaviour of the
bridge, a numerical model was developed that considers the
three-dimensionality of the structure in order to be able to also
consider transverse or torsional movements. For structural analy-
sis, the ADINA [37] software code was used coupled with a code
written in FORTRAN able to conduct probabilistic seismic analyses
and to interpret the results obtained automatically [1,38–40].

The numerical model consists of 1593 finite elements of the
Hermite’s two node beam type with six degrees of freedom per
node. The total number of degrees of freedom used by the model
is 6678. Analyses are developed in the field of large displacements
and of small strains. Fig. 4 reports the image of the model and the
measurement points of the bridge deck displacement.
4.2. Definition of seismic input

The need to carry out a high number of analyses requires a large
number of seismic scenarios. As such, a database of artificial accel-
erograms was created through the well-known SIMQKE code
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Fig. 4. Numerical model of the bridge and measurement points for the displacement of the bridge deck.
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Fig. 5. Representative points of the modal participation factors and principal
deformation modes for the vertical direction.
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developed by Gasparini and Vanmarke [41] that allows the artifi-
cial creation of a preset number of statistically independent accel-
erograms referring to a specified response spectrum. In short, the
artificial accelerogram is generated as a summation of sine wave
functions:

ZðtÞ ¼ IðtÞ �
X

n

An � sinðxn � t þUnÞ ð1Þ

where An represents the width of frequency oscillation xn. The val-
ues of An are optimized during the process of seismic generation in
order to obtain an accelerogram with response spectrum that is
close to that defined by the user. The angles Un represent the phase
angles and are chosen at random, while with I(t) an envelope law is
indicated, necessary to model the increasing, steady and decreasing
phases of the seism.

Using this procedure it is possible to obtain a suitable number
of accelerograms defined as spectrum-compatible to simulate the
seismic event. These accelerograms were subsequently integrated
to obtain temporal histories of displacement. In general, the direct
integration of the accelerograms leads to non-realistic displace-
ment time histories with the phenomena of ‘‘shift’’ on final velocity
and final movements, an error similar to the one highlighted by
Boore and Bommer [20] concerning artificial events obtained with
real seismic events. This phenomenon, although not realistic, does
not affect the results of seismic analyses with synchronous scenar-
ios [42]. Displacement time histories, or accelerograms, are in fact
applied to the structure with the aim of giving to the mass an iner-
tial load. Even though the points of application undergo a final
unrealistic shift, this cannot affect the relative displacements and
internal actions involved. However, in the event of seismic analysis
with asynchronous scenarios, a shift on displacements in different
parts of the structure can lead to structural behaviours that are
drastically incorrect [43]. For this reason, in this paper, the seismic
events generated artificially through the SIMQKE code have been
corrected by the baseline method. It is important to point out that
the SIMQKE code used to artificially generate accelerograms has an
internal method of baseline correction in order to generate acceler-
ograms that, once integrated, provide a final zero velocity. How-
ever, it was found that numerical errors due to the process of
numerical integration lead to shifts both in terms of ultimate
velocities and in terms of ultimate displacements.

It was found that the magnitude of the shift to be made in the
correction decreases by increasing the precision with which the
numerical integration is carried out (trapezoidal method, the
method of Cavalieri–Simpson, Weddle’s method). However, a sig-
nificant shift is still present. Therefore, a further correction was
carried out on the artificial accelerograms in order to physically
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
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obtain a correct recording of the displacements of the ground dur-
ing seismic events. With this procedure a database of 400 time his-
tories of spectrum-compatible displacement was then created.

4.3. Preliminary modal analysis

The Figs. 5–7 show the results of a modal analysis that is preli-
minary to seismic analysis. The modal participation factors are
marked as points along a surface having the period of vibration
along the axis of the x-axes. The elastic response spectrum of the
area where the presence of the bridge is foreseen is overlapped
at the set of points representing the modal participation factors.
In this way it is possible to visually note the influence of vibration
modes of structure with regards to seismic action. Figures show
that almost all modes of vibration that involve great quantities of
mass are external to the part of elastic response spectra with
higher values of acceleration. The only mode of vibration that
involves a certain quantity of mass and that is located in the cen-
tral part of the spectrum of response spectrum can be seen in
Fig. 7 and is a longitudinal vibration. The fundamental period of
vibration is 32 s and can be seen in Fig. 6.

4.4. Probabilistic seismic analysis

Considering the remarkable distances between the points of
support (960 m – 3300 m – 810 m) and the lack of information
about the characteristics of the soil along the area of development
of the structure, the seismic action was considered asynchronous
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Fig. 6. Representative points of the modal participation factors and principal
deformation modes for the transversal direction.

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

45 %

11 %

Foundamental period [sec]

35 % of the total mass

S
pe

ct
ra

l a
cc

el
er

at
io

n 
[g

] o
r 

P
ar

te
ci

pa
tin

g 
m

od
al

 m
as

s 
[%

]

Fig. 7. Representative points of the modal participation factors and principal
deformation modes for the longitudinal direction.
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and was simulated using a series of displacement shifts defined as
in the previous paragraphs, applied to the six areas in which the
bridge comes into contact with the ground (anchor blocks, tower
supports and terminal segment of the bridge deck) as can be seen
in Fig. 1. Considering the significant uncertainties present, the seis-
mic analysis was carried out through a Monte Carlo simulation,
performing 50 seismic analyses and obtaining, in his way, a num-
ber of statistical indices such as the average, the fractile at 95% and
the variance of results. The histories of displacement were applied
to the various areas with a random time delay varying in a range
between 0 and 4 s between the points of contact with the ground.
Distributions of uniform probabilities were attributed to the data-
base containing the time histories of displacement as well as to the
temporal variable indicating the delay of the seismic action.

The structure was subject to three Monte Carlo simulations
with seismic scenarios having different values of the peak ground
acceleration (PGA). Considering a conventional service life of the
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Fig. 8. Trend of the mean and variance of the transversal
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bridge of 200 years, three different scenarios can be considered:
a first scenario with PGA = 1.80 m/s2 (earthquake with a return
period of 50 years), a second scenario with PGA = 2.60 m/s2 (earth-
quake with a return period of 400 years) and a third scenario with
PGA = 5.70 m/s2 (earthquake with a return period of 2000 years).
For the first scenario (‘‘normal’’ scenario) the conditions for the
normal functioning of the work must be guaranteed and the struc-
tural checks must remain within the elastic range. For the second
scenario (‘‘exceptional’’ scenario) interruptions due to temporary
repairs can be accepted, the major parts of the bridge must be ver-
ified in the elastic range. For the third scenario (‘‘extreme’’ sce-
nario) an interruption of service for a lengthy period due to
major repairs is permitted but the main parts of the bridge should
not suffer a collapse.

The results reported in this work refer to a number of specific
measurement points that are:

� Longitudinal displacement of the bridge deck at the expan-
sion joint (point 1 in Fig. 4).

� Transverse displacement of the bridge deck near the tower
legs (point 2 in Fig. 4).

� Vertical and transverse displacement of the bridge deck at a
quarter of the bridge (point 3 in Fig. 4).

� Vertical and transverse displacement of the bridge deck at
the centre of the bridge (point 4 in Fig. 4).

From Figs. 9–13 the results in terms of displacement of the
analyses performed for the selected measurement points are
shown. These values are reported in tabular form for the three seis-
mic intensities previously defined. The two right-hand columns of
the figures in question also indicate the relationships between the
various parameters relating to different seismic intensity in order
to verify the increase of displacement on the magnitude depending
on the seismic intensity. To point out how uncertainties affect the
parameters of displacement analysed, the results will be repro-
duced also in terms on distribution of probability, using normal
distributions.

In addition to these kinematic quantities, Figs. 14 and 15 report
the levels of the stress present in the towers and cables.

Assuming the seismic event with PGA of 1.80 m/s2 as reference
earthquake, it is possible to note that the earthquake with PGA of
2.6 m/s2 has a seismic action 1.44 times higher, while the earth-
quake with PGA of 5.70 m/s2 is equal to an earthquake that is
3.17 times stronger. These values will be useful to perform certain
observations on the impact of uncertainties examined, during the
seismic motion.

4.5. Discussion of results

It can be inferred from the analysis how the variable represent-
ing the average displacement has a very good convergence, by
which 20 sets of analyses are sufficient to describe its values in a
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Fig. 9. Longitudinal displacement of the bridge deck at the expansion joints.
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Fig. 10. Transverse displacement of the bridge deck near the tower legs.
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correct manner. The variable that represents the variance of distri-
bution instead has a slower and more irregular convergence by
which also 50 analyses can, in some cases, be insufficient to repro-
duce its value correctly (Fig. 8). The results, in terms of variance,
reported in the following diagrams are therefore less accurate than
the results presented in terms of average value.
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
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Figs. 9–13 report the results in terms of displacement (‘‘Sic’’
stands for ‘‘Sicily side’’ and ‘‘Cal’’ stands for ‘‘Calabria side’’). While
for seismic events simulated on the two sides, histories of asyn-
chronous displacement were used, the results of the analyses
reported in the following figures show a rather symmetrical result,
at least in statistical terms. Fig. 6 shows longitudinal displacements
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Fig. 11. Transverse displacement of the bridge deck at a quarter of the bridge.

0.00 2.00 4.00 6.00 8.00Pr
ob

ab
ili

ty
 d

en
si

ty
 fu

nc
�o

n

Displacement [m]

PGA 1.60
PGA 2.80
PGA 5.70

0.00 2.00 4.00 6.00 8.00Pr
ob

ab
ili

ty
 d

en
si

ty
 fu

nc
�o

n

Displacement [m]

PGA 1.60
PGA 2.80
PGA 5.70

PGA 1.60 PGA 2.80 PGA 5.70 2.8/1.6 = 1.75 5.7/1.6 = 2.94

Si
c

Mean 1.13 m 1.60 m 3.45 m 1.44 3.26
Standard devia�on 0.351 m 0.514 m 1.10 m 1.46 3.13

Frac�le 95% 1.70 m 2.45 m 5.25 m 1.46 3.22

Ca
l Mean 1.15 m 1.63 m 3.54 m 1.41 3.23

Standard devia�on 0.342 m 0.503 m 1.19 m 1.47 3.48
Frac�le 95% 1.72 m 2.46 m 5.50 m 1.30 2.25

Sic
Cal

Fig. 12. Vertical displacement of the bridge deck at a quarter of the bridge.
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at joints located at the end of the bridge deck. Such values, above
all the fractile at 95%, seem high and incompatible with the values
reported in the specifications of the project with regard to the
structure integrity (maximum permissible displacement equal to
1 m).

Fig. 10 shows the transverse displacement of the bridge deck
near the towers. The values of displacement seem to be high. The
fractile at 95% indicates a displacement of approximately 1 m with
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
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the danger that seismic pounding can occur between the deck and
the legs in the presence of strong earthquakes.

Figs. 11 and 12 show transverse and vertical displacements a
quarter of the way across the bridge. It can be noted how the ver-
tical displacement is more accentuated than the transverse dis-
placement. A similar observation can be made for displacements
at the centre of the bridge where the average value of the vertical
displacement seems to be three times the average value of the
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Fig. 13. Transverse and vertical displacement of the bridge deck at the centre of the bridge.
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transverse displacement (Fig. 13). Observing the variances, it can
also be noted that vertical displacements are more affected by
uncertainties taken into consideration than transverse
displacements.

Besides average values, it is interesting to note the impact of
uncertainties on displacement parameters observed. It is known
that the structural non-linear behaviour can amplify or reduce
uncertainties. For example, as has already been shown in [44,45],
the non-linearities and the time dependent behaviour (creep) of
a box girder bridge are such that they can amplify initial uncertain-
ties over time (divergent behaviour), while the behaviour of a
stayed bridge tends to reduce them (convergent behaviour). Simi-
larly the variance expected for the analyses carried out, if the
behaviour of the bridge were not influenced by non-linearities,
would be 1.442 = 2.09 times the variance of the earthquake
assumed as reference for the seismic scenario with PGA equal to
2.60 and 3.172 = 10.0 m/s2 times for the scenario with PGA equal
to 5.70 m/s2.

Aside from the longitudinal displacement, all the displace-
ments analysed have values of variance close to these values, indi-
cating the slight influence of non-linear behaviour of the bridge.
The longitudinal displacement of the bridge deck seems instead
to be strongly affected by non-linearities that cause average values
and reduced dispersions compared with those that could be
expected.

In a non-linear dynamics the different amplification of the
uncertainties can be due to several factors such as the different
stiffness of the bridge in various directions (vertical, longitudinal,
transverse), the proximity of a seismic wave frequency to a natural
frequency of vibration of the structure, the non-linear behaviour of
the structure, etc. It is not easy to identify a single cause for such
behaviour, and it is more likely that the results described are the
synthesis of various phenomena that contribute in parallel to
amplifying or reducing the influence of uncertainties.

Note that the absolute value of the displacements (S) is defi-
nitely a high value. However, such value must be considered in
relation with the span (L) of the bridge (3300 m). Table 3 shows
Please cite this article in press as: Sgambi L et al. Monte Carlo simulation for se
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the values of the ratio S/L for the transverse and vertical displace-
ment of the bridge deck, at the centre of the bridge, related to the
seismic scenarios with PGA 1.60 and 2.80 m/s2 (scenarios in which
it is important to guarantee the functionality of the structure).

The value of the ratio S/L for centre displacements seem to be
acceptable. Only the vertical displacement valued to the fractile
of 95% is slightly higher (1/725), but still acceptable considering
the low probability of the event.

Fig. 14 shows the stress (the highest values that were evident
during simulations) on the legs of the towers and on the main
cable. In addition to the results of seismic simulations, the stress
produced by the only permanent load is also reported in order to
be able to carry out a comparison with an increase of stress due
to seismic event.

With regard to the towers, Fig. 14 clearly shows how stress is
strongly affected by the presence of the seismic action. Indeed, a
passage from 116 MPa is highlighted due to the permanent load
at an average value of 339 MPa in the event of earthquakes with
PGA equal to 5.70 m/s2. Considering an ultimate strength for steel
equal to 510 MPa it can be observed that even for the scenario
defined as ‘‘extreme’’ the stress results to be lower than the stress
of collapse also for the relative value to the fractile at 95%
(423 MPa).

It is interesting to note that with regard to stress due to the
dead load solely on the legs of the towers, this is more or less con-
stant while the seismic event produces a peak of stress at the base
of the tower as well as at the third transverse of the same tower.

With regard to the main cables, Fig. 15 highlights how the stress
increase that occurs during a seismic event is not particularly high
and contained to 10% (for the average value) of the stress resulting
from the sole permanent loads.

The maximum value of stress occurs at the saddle supports of
the towers while the minimum level of stress occurs in the middle
of the bridge. It should be noted that the areas of the cable mainly
involved in the earthquake are those corresponding to the side
spans where the trend of the maximum stress assumes an almost
constant trend.
ismic analysis of a long span suspension bridge. Eng Struct (2014), http://
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Fig. 14. Stress values in tower piers due to seismic load with PGA = 2.60 m/s2 (top) and PGA = 5.70 m/s2 (bottom).

Fig. 15. Stress values in main cables due to seismic load with PGA = 5.70.

Table 3
Ratio displacement/span bridge for transverse and horizontal displacements valued at the centre of the bridge-deck for seismic scenarios having PGA 1.60 and 2.80 m/s2.

PGA 1.60 PGA 2.80

Mean Fractile 95% Mean Fractile 95%

Transverse displacement of the bridge deck at the centre of the bridge 1/7333 1/5445 1/5164 1/3841
Vertical displacement of the bridge deck at the centre of the bridge 1/7184 1/1051 1/1235 1/725
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5. Conclusions

In this paper a Monte Carlo seismic simulation was carried out
on a large-span suspension bridge. The seismic motion, modelled
as asynchronous spectrum-compatible histories of displacement,
was evaluated using the ADINA software for a total of 50 seismic
simulations for each PGA considered. Different seismic scenarios
differ in terms of the form of temporal histories as well as the delay
of the seismic action between various points of ground-structure
contact.

The main results highlighted from the analyses are as follows:

� In the construction of artificial temporal histories necessary
to simulate the seismic action, it was noted that passing
from the accelerogram to the displacement time history
(through a double integration) numerical errors occur (the
higher they are the less precise the process of numerical
integration) that make further correction based on the base-
line method necessary.

� The convergence of position indices analysed (average and
variance) takes place with different velocities. In order to
obtain a convergence of the average value of variables stud-
ied, twenty analyses are sufficient, while it is necessary
while more than fifty are required to obtain a good approx-
imation of the statistical variance.

� Although for the simulated seismic events asynchronous
histories of displacement were used, the results of the anal-
yses reported show a rather symmetrical result, at least in
statistical terms.

� Vertical displacements of the bridge deck are more influ-
enced by the uncertainties taken into account, compared
with transverse displacements.

� The uncertainties have less impact on longitudinal displace-
ments of the bridge deck with regard to vertical and trans-
verse directions.

� The values of longitudinal displacements at the expansion
joint seem to be higher (higher than 1 m, if a fractile at
95% is considered and the seismic event of greater power
considered).

� The values of transverse displacement of the bridge deck
near the towers seem to be approximately 1 m with the
danger that a seismic pounding can take place between
the bridge deck and the tower legs in the presence of strong
earthquakes.

In order to reduce the values of longitudinal displacement at the
joint and transverse displacement at the towers, it may be neces-
sary to introduce into the static scheme of the bridge certain pas-
sive control devices, transverse as well as longitudinal, that may
connect the bridge deck to the towers.
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