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Abstract. Most codes of practice state that for large in-plane structures it is necessary to account for
the spatial variability of earthquake ground motion. There are essentially three effects that contribute for
this variation: (i) wave passage effect, due to finite propagation velocity; (ii) incoherence effect, due to
differences in superposition of waves; and (iii) the local site amplification due to spatial variation in
geological conditions. This paper discusses the procedures to be undertaken in the time domain analysis
of a cable-stayed bridge under spatial variability of earthquake ground motion. The artificial synthesis of
correlated displacements series that simulate the earthquake load is discussed first. Next, it is described
the 3D model of the International Guadiana Bridge used for running tests with seismic analysis. A
comparison of the effects produced by seismic waves with different apparent propagation velocities and
different geological conditions is undertaken. The results in this study show that the differences between
the analysis with and without spatial variability of earthquake ground motion can be important for some
displacements and internal forces, especially those influenced by symmetric modes.
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1. Introduction

The earthquake analysis for current structures assumes a rigid base, with no consideration of
spatial variability. However, when the horizontal dimension is large (typically of about 100 m or
more) the codes of practice such as the Portuguese code (RSA 1984) or the Eurocode 8 (2003),
state that it is no longer acceptable the assumption of the same seismic input in all foundations. The
justification is clearly identified by the measures in seismographic array in Lotung, Taiwan, and by
the studies of many authors (Hao 1989, Harichandran 1991, Boissiéres 1995, Laouami 2001).

The spatial variability of earthquake ground motion (referred to as SVEGM in this paper, for the
sake of simplicity) is a consequence of three main causes: (i) the wave passage effect; (ii) the
incoherence effect; and (iii) the local site amplification (LSA). The consideration of SVEGM results
in the definition of distinct seismic loading for each support.

For the global seismic response of a structure, two contributions should be considered: the
pseudo-static component, due to the kinematics loading, and the dynamic component, due to inertia
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forces. The former originates internal forces, whose influence on the overall response depends on
the conception and stiffness of the structure. As the final result is hardly predictable, it is therefore
necessary to evaluate the influence of SVEGM for each situation.

The analysis of a structure due to a random phenomenon is oftenly performed by stochastic
processes and evaluated in the frequency domain (Harichandran 1996, Hao 1998, Soyluk 2000), but
the seismic analysis in the time domain is an attractive alternative, because of the large amount of
information that it provides on the behaviour of the structure submitted to a dynamic load and of
the simpler extension of the analysis algorithm for nonlinear analysis. The main disadvantage is the
time required to make a statistical analysis, because the time domain approach allows only for one
time history at a time. The evaluation for many time series is thus required, in order to get
statistically meaningful results. This approach was nevertheless used in this work.

The direct time integration of the equilibrium equations requires the load definition in the time
domain and so a procedure to synthesize the displacements, according to the spatial variation for the
specific case, is needed. The correlation is normally defined in the frequency domain by coherency
functions, see Harichandran (1986), Luco and Wong (1986) or Der Kiureghian (1996), but its use
has an inherent difficulty on establishing the values for the parameters. In this work, only values
defined in the codes of practice were used and so a simple model for accounting the SVEGM was
developed. The artificial displacements are compatible with a given response spectrum.

For the evaluation of SVEGM effect, a finite-element model of the International Guadiana Bridge
(Portugal-Spain southern border) is subjected to different apparent velocities and local site
amplification. The results are presented.

2. Synthesis of imposed displacements

The use of a direct step-by-step method for the integration of the equilibrium equations,
concerning the analysis of the SVEGM, requires a kinematics load definition. The structural
analysis is thus based in time-varying displacements imposed to the supports of the structure.

In order to get those artificial records, it is recommendable to start with the generation of
accelerations (Ferreira 2004), according to the following sequence: (i) estimation of the power
spectral density (PSD) function; (ii) artificial generation of a pseudo-acceleration by a stationary
record related to the PSD function; (iii) based on this pseudo-acceleration record, evaluation of the
displacement record, through three transformations: (iv) multiplication by an intensity function, (v)
baseline correction and (vi) integration.

2.1 Artificial generation

The estimation of the PSD function is made through an iterative process. First of all, a group of
accelerations based on a temptative shape of the PSD function is synthesized. Then, the
corresponding average response spectrum is evaluated and, from the comparison of this spectrum
with that proposed by the code of practice, the PSD function is corrected (Clough and Penzien
1993). The whole process is repeated until the response spectrum is achieved.

The artificial generation of stationary records may be performed through the sum of periodic
functions such as cosine, whose amplitudes should be related to the power spectral density function.
This study uses a model suggested by Der Kiureghian (1996), in which time-varying amplitude is
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proposed (1). This variation is simulated by assigning random amplitude to each period.

a(t,) = fA,(tn) ~cos(Qr-(i-Af) -t,+ 6) )

i=1

In order to get a convenient modeling of a seismic record, it is necessary to simulate the limited
duration of this natural phenomenon. A three-stage procedure was implemented, with a starting
period of increasing excitation, followed by a stationary and finally by an excitation decay periods
(Clough and Penzien 1993, Barbat 1994).

The Baseline correction method is used to remove the low frequency harmoniums, present in the
acceleration record. These will be amplified in the integration process, in spite of being physically
meaningless. For lower frequencies the displacements record tends to have high period harmoniums
with large amplitude.

If the average (infinity period) of an acceleration record is not null, the shape of the displacement
record will follow a parabolic pattern. It is thus necessary to remove the long period harmoniums in
order to get a more realistic displacement record. This correction is more relevant for sites away
from the epicenter because there are not permanent displacements induced by the earthquake. This
is physically expressed by a null average velocity. The baseline correction can be evaluated through
different models such as those proposed by Barbat (1994), Trifunac (1970) and Guan (2004). The
first two were used in this study.

The next step required for the synthesis of a displacement record is the integration of the
accelerations. One simple approach is based on the assumption of a linear variation of the
acceleration between two consecutive time steps, leading to an integration scheme similar to that
used in the method of Newmark. An additional requirement consists of imposing a null average
velocity. An alternative procedure for this step is the Fourier Integration, which is a good method
for digital signal processing because the harmoniums are well integrated. This procedure requires
the correction of the displacement record through the addition of a constant. A null initial value is
considered.
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2.2 Displacement records

One important issue to be understood is the influence of the evaluation sequence of these
processes in the synthesis of the displacements records. The sequence required to convert an
acceleration record into a displacement record is not unique and may thus be modified. This change
influences the final result and it is thus important to know how to use those procedures.

Fig. 1 displays four displacements records, obtained from the same stationary acceleration record
by using different transformation sequences. The used nomenclature is : /n — Intensity Function; Bb
— Barbat Baseline Correction; 7+ — Trifunac Baseline Correction; 77 — Time Integration; FI —
Fourier Integration; N — Make initial value null; PDF — Smooth probability density function. The
Fig. 2 is a representation of a smooth probability density function evaluated on 1000 different
records.

Figs. 1 and 2 clearly show that the baseline correction method is the most influencing process in
the final result because of the long period harmoniums present in the records. The method proposed
by Barbat (1994) removes only one harmonium with a period of about twice the record duration,
which is not enough, especially for long time records. Consequently, the use of the Trifunac
Baseline Correction method is preferred.

The numerical integration scheme does not affect the results, as shown in Figs. 1 and 2. The
In Tr TI and In_Tr FI N records are overlapped.

The sequence 7r FI In has not a good physical meaning because of the artificial displacement
modulation. Peaks arise for the resulting acceleration at the transition instants between stages of the
modulation function — initial to stationary and stationary to final decay stages — which are
meaningless. However, this sequence leads to good displacement records with a null average
displacement, null initial velocity and the average maximum closer to the others, see Fig. 2.

The Trifunac baseline correction method requires the prescription of a value for cutting-off
harmoniums. His proposal of the value of 16s for the cut-off period is essentially a consequence of
the equipment and the accuracy of the digitalizing process.

In artificial generation, that limit can be different. In order to analyse the influence of this value,
the smooth probability density functions for the maximums of 1000 displacement records were
calculated and are shown in Fig. 3. The choice for the cut-off periods is based on the total record
length, 7r, and thus the baseline correction was evaluated with 7r=150s, 7r/2=25s; 16s; Tr/4
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=12.5s and 7r = 10s. The results for cut-off periods of 12.5s and 16s were nearly the same and so
only the latter is shown, that is, the reference value proposed by Trifunac (1970).

The results evaluated with the value of 16s present a well defined probability density function,
similar to that of the Gaussian distribution. Therefore that value was adopted. Calculations with
other time durations were also performed and its comparison shows that 16s is adequate.

This cut-off period is similar to the one proposed by Guan (2004). This author presents another
method for correction of the acceleration and concludes that the cut-off period of 15s normally
corresponds to the best displacement response spectrum.

3. Spatial variability of earthquake ground motion

The causes of the SVEGM are not easily evaluated and some simplifications must thus be
assumed. The energy loss of the seismic waves (attenuation effect), while travelling between the
supports of the bridge, may be neglected, because the size of the structure is very small in
comparison with the overall dimension of the earthquake event. It is also assumed that the
propagation is made essentially through the bedrock, due to its high velocity, and the waves cross
the layer soils by shear waves. Another simplification is the assumption that the superposition of the
waves does not significantly change in different positions, which is to say that the displacements in
the supports are generated by the same wave composition throughout the structure. Therefore, the
differences between the displacements in bedrock are originated by the finite velocity of the waves
and, as a result, the PSD function may be the same. Consequently, the incoherent effect is not used.
Nazmy (1992) uses a similar approach in a part of his study. Zerva (1990) and Hao (1991) conclude
that the response of very flexible structures is mostly controlled by the wave passage effect, making
acceptable the simplification on neglecting the incoherence effect. The soil was considered to be
made up of a number of elastic and homogeneous layers.

The model of SVEGM for simulating correlated time series in time domain considered only two
causes for the spatial variability: (i) wave passage effect, due to finite apparent propagation velocity;
and (ii) the local site amplification due to spatial variation in geological conditions.

3.1 Model description

In accordance to the assumptions previously referred, the implemented model considers that the
seismic waves travel through the bedrock and reach the foundation level as shear waves propagating
vertically. This behaviour is also assumed by Dowrick (1977).

An important issue in the characterization of the SVEGM is the propagation velocity. For the sake
of simplicity, it is assumed that all types of waves have the same apparent velocity and follow a
straight path, regardless its frequency (Der Kiureghian 1996). The seismic apparent velocity is thus
a mean value and the time delay between the arrivals of the earthquake at different supports is
easily evaluated, dividing the distance by the average apparent velocity.

The direction of the propagation is another important issue to take into consideration. As the wave
delay depends on the distance between suppotts, the propagation in the longitudinal direction will
produce more changes with respect to the rigid-base approach. For this reason, this was assumed as
the travelling direction of the waves.

The local site amplification (LSA) effect also plays a fundamental role in the seismic response. In
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Fig. 5 Model for spatial variability of earthquake ground motion

order to define it, a shear building transfer model was considered, in which the bedrock vibration
propagates as shear waves in the overlaying layers with resonant frequencies, Eq. (2), that amplify
the seismic record.
k-v,
fk_4-h k=1,35,.. )

Those frequencies depend on the layer thickness %, and on the speed of the shear waves v,, see
Safak (1995).

This effect has two contributions: a delay due to different shear velocities in different soils profile,
and the change in PSD function of the frequency content and amplitudes. The former is clearly
identified in Der Kiureghian (1996) coherence model, while the latter is a consequence of the
filtering soil.

The examples shown in this paper use the two types of soils (Hard and medium soil) defined in
RSA (1984), and they are presented in Fig. 4. This code of practice provides both the response
spectra and the power spectral density functions used in this work. The differences between them
result from the different frequency band of the soil filtering.

The model used for SVEGM in this study is illustrated in Fig. 5. Each support can have a
different definition for the soil properties. Considering foundation soils with distinct shear velocities,
different frequency ranges will be filtered as a consequence.
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3.2 Calculation procedure

Regarding Fig. 5, it is assumed that the seismic waves travel from A to B. The first step consists
of generating a displacement record, which will be taken as the basis for the artificial seismic load.
This generation is based on the PSD function, which characterises the earthquake in the bedrock.
The resulting random record is assigned to point A. Once this record is available, it is a
straightforward task to estimate the records for the remaining supports, based on the assumed wave
apparent velocity and on the distance between A and each of these points. These records must then
be filtered, in order to simulate the propagation throughout the foundation layer.

u,(t) = LSA,(uA(t_ IiA")) 3)
app
The transfer model (LSA4,) in the time domain, used in this step, is described by Safak (1995).
That function is defined by 3 parameters », 7 and O, which depend on the velocity of the shear
waves, the unit mass of the rock (v,, p,) and soil (vy, o) layers, the soil layer height # and the
damping quality factor, Q. That author presents the transfer model as defined in the frequency
domain and as a time recursive filter. The second choice was adopted in this study.
The parameters » and 7 of the transfer models are estimated by comparison of the soil PSD
function with the bedrock PSD function, in the frequency domain, knowing that

PSD,,; = ILSA(f)|* - PSD, 4)

The quality factor must be adopted according to literature recommendations. See Bowles (1996)
or Mari (1999) as examples.

4. Seismic analysis of a cable-stayed bridge
4.1 Model description

A 3D Finite Element (FE) model based in the International Guadiana Bridge (Portugal-Spain
border in Algarve) was used for the numerical test. This is a symmetric cable-stayed bridge with a
total span of 666 m and a main (central) span of 324 m, see Fig. 6. The deck is 20 m above the
average water level.

The grade of the concrete is C40/45 according to Eurocode 2 (2004) for the towers and for the
deck. The bridge has 64 stay-cables with even spacings of 9.0 m and 1.8 m between anchorages, in
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Fig. 6 Bridge model
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Fig. 8 Tower sections

the deck and in the towers, respectively. The deck is also supported by the towers with a hinged link.

The deck section is a single box with 2.5 m tall and a width of 18 m. The thickness of the upper
and lower plate is 0.25 m and the inclined walls have a thickness of 0.35 m. At every 4.5 m the
section is reinforced by a metallic truss composed by hollow elements of 200 x 200 x 6.5 mm. The
side cantilevers are enlarged in order to ensure a well distributed stress due to the forces induced by
the stay-cables, see Fig. 7.

The deck is modeled with two longitudinal stiffening girders and evenly spaced transverse girders.
The Euler-Bernoulli formulation was used and the geometric characteristics of the beam elements
were set in order to get the same longitudinal and transversal bending inertia, area, torsional and
distortional stiffness as those computed by modeling the deck with shell elements. The considered
value of the mass was such that the main frequencies resulted close to those obtained with the
actual box-girder geometry.

The inverted Y towers have a total height of 100 m. The sections of the lower and upper part of
the towers are represented in Fig. 8, respectively on the left and on the right.

The dynamic behaviour of a cable-stayed bridge is strongly affected by the deck-to-pylon and
deck-to-abutment connections. In this model, no longitudinal connection was considered. With such
structural system, the first vibration mode has an important contribution for the overall bridge
response. The evaluation of the frequencies is performed and the results for the most relevant
longitudinal (anti-symmetric) and vertical (symmetric) modes are presented in Fig. 9.

4.2 Analysis

The effects under control are the longitudinal displacement at the top of the left tower (referred to
as tower top), the longitudinal displacement and the axial force in the deck middle section (deck)
and the shear force and bending moment at left tower base (fower base). The presented results are
the average of the maximum of 50 different time-series.

The average apparent propagation velocity has an important role in the seismic analysis, since the
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Fig. 9 Vibration modes

wave passage effect depends directly from this value. In the references there are many values, so
the chosen value of 2000 m/s reflects an average apparent velocity (Harichandran 1996, Laouami
2001, Zanardo 2002).
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Fig. 10 Bridge response

4.2.1 Contribution of the pseudo-static component

In a multi-support excitation there are two components that influence the seismic response:
pseudo-static and dynamic component. These two components with the contribution of permanent
load and the total seismic response are shown in Fig. 10. The results are evaluated assuming an
apparent velocity of 2000 m/s and without local site amplification.

The results presented in these graphics show that the pseudo-static component has an insignificant
contribution for overall earthquake response, but its influence is visible in a lower dynamic
displacements response.

4.2.2 Excited modes due to SVEGM
The rigid base earthquake is an anti-symmetric loading, only exciting the corresponding vibration
modes. The consideration of the SVEGM adds a symmetric component to the response, which is
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Fig. 11 Fourier spectra for bridge response
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not thus predictable.

With the purpose of illustrating this conclusion, Fig. 11 shows the Fourier spectra of the responses
with an infinite velocity and an apparent propagation velocity of 2000 m/s.

These results allow some conclusions to be drawn: (i) the importance of the first anti-symmetric
modes, once that all responses show a peak near the corresponding frequency; (ii) when a finite
apparent velocity is considered, the symmetric modes with a frequencies about 1.5 Hz and 2 Hz are
excited; (iii) the axial force on the deck is substantially increased with SVEGM.

5. Results

In this section, the results for different apparent propagation velocities and the influence of the
local site amplification are presented.
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The method of Newmark with average acceleration was used for the numerical solution of the
dynamic equilibrium equation, with a Rayleigh damping model with a 2% coefficient damping
associated to the frequencies 0.5 Hz and 3 Hz.

The seismic load used in these examples refers to a type-2 earthquake (strong earthquake with
large focus distance), with a 30s duration in stationary part, as defined in RSA (1984), see Fig. 4.
The near field earthquake was not considered, because preliminary tests have shown that its effects,
in the present structure, were clearly lower than those of far field earthquake. The Fig. 12 represents
one example of the inputs and the difference between them. The apparent velocity used is 2000 m/s.

In order to evaluate the effect of spatial variability, the responses of the bridge for apparent
propagation velocities of oo, 3000 m/s, 2000 m/s and 1000 m/s, were evaluated. The wave apparent
velocity of 200 m/s is used to put in evidence the trend of the spatial variability effect.

The values presented are the average of 50 different displacement series.

From Fig. 13 it is possible to conclude that lower apparent velocity results in lower displacement.
The justification is the reduction of dynamic component.

The axial force in the deck middle section is strongly increased with the reduction of the apparent
propagation velocity. This effect is a consequence of the excitation of the symmetric modes, caused
by the symmetric part of the instantaneous displacements in the supports. However and
unexpectedly, a decrease was noticed for the case of the wave velocity of 200 m/s. In order to
investigate the reason for that, the additional cases of 800 m/s, 600 m/s and 400 m/s were studied.
The results are the average of 20 different time-series, as shown in Figs. 14 and 15.

By analysing Fig. 15, it is possible to conclude that the pseudo-static effect is very small when
compared with the global seismic response, and does not explain the local minimum at 600 m/s.
This apparent propagation velocity causes a wave delay of 0.54s in a distance between supports of
324 m, which is closer to the period of some symmetric modes. Therefore those modes are weakly
excited and as a consequence the earthquake response is lower, Fig. 16.

For the investigation of the local site amplification effect, the average maximum of 50 responses
of a series of two input displacement records calculated by the rules presented above, were
computed. The displacement in point A is always the same, while for point B it was evaluated for
the different cases. The results are presented in Table 1.
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Table 1 SVEGM response for wave passage and local site amplification

Wave passage only Wave passage and local site

amplification

Velocity o) 2000 m/s © 2000 m/s

Top Tower 0.5039 m 0.4944 m 0.4988 m 0.4950 m

Displacements Left Deck 0.5353 m 0.5326 m 0.5325 m 0.5283 m

Middle Deck 0.6265 m 0.6251 m 0.6260 m 0.6217 m

Cables L'eft 730.8 kN 716.0 kN 708.4 kN 699.4 kN

Middle 495.7 kN 503.0 kN 535.5 kN 557.3 kN

Leflt3 ;Zwer Sg‘fv‘se’;"g;:eat 6332 kN 6540 kN 6237 kN 5835 kN
Bending moment 328.1 MN.m 342.6 MN.m 343.0 MN.m 337.2 MN.m

Deck Axial Force - Middle 31.70 kN 5888 kN 7349 kN 5844 kN

The PSD functions used for the numerical examples are quite similar. Therefore, the local site
amplification is only evidenced by the first factor, the shift phase (Der Kiureghian 1996, Safak
1995). This effect is similar to the wave passage.

6. Conclusions

In order to undertake the seismic analysis of a structure to be erected in a region with scarce data
from actual earthquakes, a possible alternative is the use of artificial records, generated in
accordance to the requirements of codes of practice. In this paper, issues concerning the procedures
involved in the generation of such imposed displacements were discussed. Some attention was also
paid to the procedure to account for the spatial variability of the earthquake ground motion. This
issue is of some relevance in long structures such as suspended or cable-stayed bridges, or when
different soil conditions exist in the diferent supports.

The longitudinal displacements are smaller when the spatial variatibility of earthquake ground
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motion is considered. The internal forces show an opposite trend. The values of the bending
moment and the shear force at the left tower, evaluated with SVEGM, are 3% and 4% higher than
those obtained by using the rigid base approach. The axial force in the deck, which is essentially
controlled by the symmetric modes, is extremely increased with spatial variation. This internal force
shows that the value of the wave delay plays an important role on the SVEGM response due to the
symmetric modes.

Differently from expected, the study does not reveal a clear trend for the local site amplification
(LSA) effect, but this may be due to the PSD functions provided by RSA, which show quite similar
frequency contents for different soil profiles. Therefore, a careful analysis is required when
significant differences in geological conditions exist between the foundations of the bridge. Another
consequence of the consideration of LSA, also highlighted by this study, is the time delay due to a
relative lower shear velocity.
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