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Issues with the Use of Spatially Variable
Seismic Ground Motions in Engineering
Applications
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Abstract Even though the significance of the spatial variability of seismic ground
motions for the response of lifelines and its modeling from array data have been
addressed for more than half a century, there are still issues associated with its use in
engineering applications, which are the focus of the present paper. Common
approaches for the simulation of spatially variable seismic ground motions are
reviewed, and their corresponding uncertainties are discussed in detail. The impor-
tance of the consideration of rotational ground motions in the seismic excitation of
structures, and the significance of the kinematic soil-structure interaction in the
modification of the foundation input motions are addressed. In addition, difficulties
with absorbing boundary conditions and one-dimensional deconvolution methods,
when the spatial variability of the ground motions is considered in the seismic
analysis of structures, are elaborated upon, and the necessity of developing three-
dimensional coherency models is noted. This critical investigation provides insight
into and facilitates the appropriate simulation of spatially variable seismic ground
motions in engineering applications.

9.1 Introduction

It is well known that seismic ground motions (SGMs) during earthquakes are
generated by the propagation of waves from the source through the earth strata to
the ground surface. The seismic excitation of structures is a displacement-based
phenomenon depending on the reflection and refraction of the seismic waves
transmitted into the structure (Safak 1999). Therefore, the seismic excitation of
structures depends both on their geometrical and mechanical characteristics
(or kinematic and dynamic properties). The effect of various characteristics of
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seismic waves, such as phase velocity, incident angle, wave type, and frequency
content, on the structural response is, generally, uncertain and not readily quantified.
Ignoring the complex characteristics of seismic actions, simplified approaches are
proposed by design codes to define the seismic loading pattern of structures.
Selecting an appropriate simplified loading pattern for the response evaluation of
structures is an influential consideration in their seismic assessment (Zerva 2009). As
seismic waves travel from the source to the ground surface, their characteristics,
i.e. amplitude and phase, change depending on their path (Zerva and Zervas 2002).
The propagation of the seismic waves along different wave paths results in spatially
variable seismic ground motions (SVSGMs). The main causes of the SVSGMs, in
the near-, middle- and far-field zones, are the wave passage, wave scattering, surface
and subsurface topography, soil properties and extended seismic source effects.
These differential motions are not influential in the seismic excitation of structures
with relatively short footprints, such as ordinary buildings and short-span bridges, if
the soil properties are approximately uniform along the structure (Eurocode 8-Part
2 2005), but may significantly affect the seismic behavior of long and extensive
structures, such as dams and long-span bridges (Der Kiureghian and Neuenhofer
1992; Falamarz-Sheikhabadi et al. 2016; Harichandran et al. 1996; Todorovska and
Trifunac 1990; Vanmarcke et al. 1993; Zerva 1990). There is no consensus whether
the effect of the SVSGMs on the seismic response of structures is beneficial or
detrimental compared to that of uniform excitations. The only common agreement in
the literature is that the effect of the SVSGMs on the seismic behavior of structures is
very complicated, and depends on the characteristics of both the structure and the
ground motions.

Performance-based earthquake engineering requires the accurate consideration of
two main sources of uncertainty in the structural response evaluation, namely
modeling strategy and excitation scenario (Falamarz-Sheikhabadi and Zerva
2017). In earthquake engineering, either the effect of both modeling and excitation
uncertainties is taken into account in the structural response evaluation (Falamarz-
Sheikhabadi and Zerva 2017; Kwon and Elnashai 2006), or the excitation-induced
uncertainty is considered to be the only dominant contributor to the uncertainty and
the effect of modeling-induced uncertainty is ignored (Kim and Rosowsky 2005;
Wong and Harris 2012). Even though the former approach results in a better
estimation of the lower and upper bounds of the structural response, the reported
numerical results indicate that the uncertainty in the definition of the seismic
excitation remarkably surpasses that of the structural modeling strategy (Falamarz-
Sheikhabadi and Zerva 2017; Kwon and Elnashai 2006). For example, Falamarz-
Sheikhabadi and Zerva (2017) reported in their seismic assessment of a tall, curved,
long-span, reinforced-concrete bridge, the Mogollon Rim Viaduct, that the uncer-
tainty in the finite-element modeling may modify the bridge response in the order of
100% (on average), but the excitation-induced uncertainty may lead to a response
variability in the order of 1000% (worst-case scenario), if an appropriate method is
not adopted for the scaling and the loading pattern of the selected earthquake
records. This example clearly illustrates the importance of the appropriate
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consideration of uncertainty in the definition of any simplified seismic loading
pattern for a reliable structural assessment.

Many factors may lead to uncertainties in the selection/simulation of SGMs,
which are associated with the earthquake magnitude, seismotectonic environment,
source-to-site distance and site response, and the representation of their characteris-
tics, e.g. the selection of appropriate seismic intensity parameter. These uncertainties
are not discussed herein, because they have been comprehensively investigated in
research efforts related to seismology, seismic risk and reliability analyses
(e.g. Baker and Cornell 2006; Bradley 2012). The main focus of the preset study
is on uncertainties that are particularly associated with the simulation/consideration
of the spatial variability of the seismic ground motions in engineering applications.
Even though these uncertainties may lead to significant variability in the structural
response, their importance has not been thoroughly discussed. Section 9.2 in the
following discusses the simulation of spatially variable ground motions, incorporat-
ing the effect of the selection of the coherency model and its parameters, as well as
differentiating between the characteristics of spatially variable ground motions at
uniform sites and sites with irregular subsurface topography. Section 9.3 describes
the significance of rotational seismic ground motions and a new approach for
evaluating them, including limitations in the parameter evaluations. Section 9.4
presents soil-structure interaction effects pertinent to extended structures, and
includes a discussion on absorbing boundary conditions and deconvolution
approaches.

9.2 Simulation of Spatially Variable Seismic Ground
Motions

The basic descriptor of the spatial variability is the coherency. Coherency is a
statistical estimate derived in the frequency domain from the power and cross
spectral densities of the shear-wave window of seismic data recorded at pairs of
stations. (For the mathematical derivation of coherency, the reader is referred to, e.g.,
Zerva (2009)). Coherency is a complex function consisting of two terms:

γ Δx;ωð Þ ¼ γ Δx;ωð Þj jexp �iω
Δx
Vx

� �
ð9:1Þ

where |γ(Δx,ω)| is the lagged coherency (loss) function; i ¼ ffiffiffiffiffiffiffi�1
p

; ω is the circular
frequency; Δx the separation distance between the two stations, and Vx is the
apparent propagation velocity of the waves along the x-axis, presumably the one
along which coherency is to be estimated. The complex exponential term in Eq. 9.1
reflects the propagation of the waves along the prescribed direction invoking the
assumption of plane-wave propagation in a homogeneous and isotropic medium.
The lagged coherency in the equation is purely statistical and its values range
between 0 and 1. It represents the correlation of the motions at each frequency: At
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low frequencies (ω ! 0), motions are fully correlated and |γ(Δx,ω)| ¼ 1, as the
wavelength of the seismic waves is very long; at large frequencies and long station
separation distances, the lagged coherency tends to 0, because the wavelength of the
motions becomes short, and, at intermediate frequencies, it declines from 1 to 0. It is
worth noting that the physical representation of the second term in the above
equation represents the deterministic phase delay due to wave propagation, and the
first, lagged coherency, term reflects the random phase variability due, mostly but
not entirely to, scattering effects.

Even though it was well understood that seismic ground motions vary in both
time and space, the investigation of their spatial variability started, basically, after
the SMART-1 (Strong Motion Array in Taiwan – Phase 1) in Lotung, Taiwan,
started recording seismic ground motions in the early 1980’s. The array consisted of
a center station (C00), and 36 additional ones arranged in three concentric circles
around C00, each with 12 equispaced stations, the inner at a 200 m radius, the middle
at a 1 km radius and the outer at a 2 km radius. Later on (1985), a smaller-scale array,
the Lotung Large Scale Seismic Test (LSST) array, was constructed within the
SMART-1 array. This three-dimensional array consisted of 15 ground-surface and
8 downhole instruments, and two small-scale (1/4 and 1/22, also instrumented)
models of a reactor containment vessel. On the ground surface, the array was
composed of three radially extended arms at 120� intervals, with the smallest
distance being, approximately, 3 m and the largest 50 m. Four stations were placed
at depth with minimum and maximum distances of 6 m and 47 m, respectively. The
unique set of the two arrays provided a plethora of data for the investigation of
coherency. Some characteristics of the lagged coherency at this uniform soil site
became apparent. These include the behavior of coherency at shorter and longer
separation distances and the effect of source-finiteness: By comparing the lagged
coherency of data at the shorter and longer separation distances of the LSST and
SMART-1 arrays, Abrahamson et al. (1991) noted that coherency is affected by
separation distance in the sense that the lagged coherency extrapolated from the
SMART-1 array to shorter distances tended to overestimate those evaluated from the
LSST array. Regarding the effect of the earthquake magnitude on the spatial
variability of the seismic ground motions, even though, theoretically, the effect of
source finiteness on the ground surface coherency is expected, it does not appear to
be significant (Abrahamson 1993). Spudich (1994) provided a possible explanation
for this observation in the case of large earthquakes with unilateral rupture propa-
gation, which constitutes the majority of earthquakes, based on the fact that the
waves radiated from the source originate from a spatially compact region that travels
with the rupture front, and, thus, at any time instant, a relatively small fraction of the
total rupture area radiates. However, the effect of the bilateral rupture on the spatial
variability of ground motions is still unmeasured. It should be noted that coherency
models have not been derived for near-fault ground motions, which may be signif-
icantly affected by the rupture directivity, fling-step and hanging wall effects.
Furthermore, it is anticipated that, in this case, the effect of the source finiteness
would be significant.
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9.2.1 Selection of Lagged Coherency Model

Numerous lagged coherency models have appeared in the literature, most of them
based on the SMART-1 records. These empirical coherency models are highly
dependent on the researchers’ identification of the dominant shear-wave window
in the motions, the processing approach used to estimate the lagged coherency, and,
mostly, the selected smoothing-window length, as well as the functional form
adopted. These issues will not be further elaborated upon, as they have been
described in detail by Zerva and Zervas (2002) and Zerva (2009). It should be
emphasized, however, that most empirical lagged coherency models produce values
lower than unity at low frequencies and tend to a constant value, namely the
coherency of noise smoothed with the window length used (Abrahamson 1993), at
high frequencies. An example of such an empirical coherency model, one of the first
developed from the SMART-1 array data, is that of Harichandran and Vanmarcke
(1986), presented in Fig. 9.1. It can be clearly seen in the figure that the lagged
coherency is less than unity at zero frequencies, decreases as the separation distance
increases, and tends to finite values as frequency and separation distance increase.
This behavior is not physically justified but an artifact of the signal processing of the
data. Hence, it should be cautioned that the use of such coherency models may result
in an erroneous evaluation of the structural response of extended structures. The
main reason for this is that spatially variable excitations, in addition to modifying the
dynamic response of the structures as compared to the one induced by the uniform
ones, also excite the pseudo-static response, which the uniform ones do not. Partial
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Fig. 9.1 Harichandran and Vanmarcke’s (1986) lagged coherency model
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correlation at low frequencies will yield displacement waveforms with significant
variability, thus increasing the pseudo-static response of the structures.

Perhaps the most frequently used coherency model in the literature is the semi-
empirical one of Luco and Wong (1986). Furthermore, this model is the one
recommended by Eurocode 8-Part 2 (2005) in its informative annex for use in the
simulation of SVSGMs. The model is based on shear-wave propagation through
random media developed by Uscinsky (1977), but requires recorded data for the
estimation of its decay. The functional form of the lagged coherency of the model is
as follows:

γ Δx;ωð Þj j ¼ exp � λxωΔx
VS

� �2
" #

ð9:2Þ

where λx is a dimensionless constant termed herein as the incoherency coefficient,
and VS is the shear wave velocity in the random medium. Luco and Wong (1986)
used this coherency model for both horizontal and vertical input motion components
in the evaluation of the kinematic soil-foundation interaction of rigid, rectangular,
shallow foundations. Based on comparisons with recorded data, Luco and Wong
(1986) suggested an average value for λx/VS equal to 2.5 � 10�4 (s/m). Kim and
Stewart (2003) also recommended a relation for the determination of the
incoherency coefficient as �0.037 þ 7.4 � 10�4 VS (m/s), which results in higher
values for the ratio λx/VS in comparison to the average value recommended by Luco
and Wong (1986). For example, shear wave velocities in the range of 100 m/s to
600 m/s, which are close to the values of the 29 sites examined by Kim and Stewart
(2003), result in λx/VS in the range of (3.70–6.78) � 10�4 (s/m). Figures 9.2a, b
present the exponential decay of the lagged coherency of the model with frequency
and station separation distance for the average value of λx/VS suggested by Luco and
Wong (1986), and the highest value of the parameter reported by Kim and Stewart
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Fig. 9.2 Luco and Wong’s (1986) lagged coherency model. (a) λx /Vs ¼ 2.5� 10-4 (s/m). (b) λx /Vs
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(2003). Clearly, the lagged coherency satisfies the physical criteria at low and high
frequencies, but the model in Fig. 9.2b will induce a more significant pseudo-static
response, and the difference in the degree of exponential decay of the models will
affect the dynamic response of extended structures.

It should be noted that the average value recommended by Luco and Wong
(1986) is based on limited data, and the relation recommended by Kim and Stewart
(2003) may be only applicable for the evaluation of the kinematic soil-structure
interaction and not the simulation of SVSGMs, because the effects of the foundation
flexibility and wave inclination have been also implicitly considered in its deriva-
tion. Clearly, with the increase of the soil stiffness (or increase of the shear wave
velocity), the effect of the foundation flexibility on its response increases, and this
makes the applicability of the proposed relation for stiff soils questionable. Hence,
the main difficulty with the model is that empirical data are necessary to determine
the value of its incoherency coefficient. In practice, this issue makes the application
of the Luco and Wong’s (1986) coherency model difficult for different site
conditions.

9.2.2 Selection of Apparent Propagation Velocity

In developing coherency models, it is commonly assumed that shear waves transfer
the main energy of seismic waves, and, therefore, the shear-wave window is only
considered in their derivation. In this approach, the dispersion of seismic waves is
ignored, and a constant apparent propagation velocity corresponding to shear waves
is used to describe the time delay in the arrival of seismic waves. Because body
waves are non-dispersive, except in highly attenuated media, the assumption that
they have the same velocity over a wide range of frequencies may be valid. This
approach leads to a constant time delay in the multi-support seismic excitation of
structures, and ignores the random time delay fluctuations around the wave passage
delay due, mainly, to the upward traveling of the seismic waves through horizontal
variations of the geologic structure underneath the site (Spudich 1994), and the
deviations of the propagation pattern of the waves from that of plane wave propa-
gation (Boissieres and Vanmarcke 1995).

It should be noted that, for the estimation of the lagged coherency (Eq. 9.1),
the dominant shear-wave window of the spatial array data is, generally, aligned,
i.e., shifted in time, with respect to that of a reference station, so that the apparent
propagation effects are removed. The resulting time delays exhibit the variability
due to the two aforementioned causes. However, the assumption of a constant
apparent propagation velocity has been widely adopted in the simulation of
SVSGMs. Various approaches have been proposed for the evaluation of the
average apparent propagation velocity from array data (e.g. Loh and Penzien
1984; Goldstein and Archuleta 1991). Frequency-wavenumber (F-K) spectra or
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stacked slowness spectra, the latter for non-dispersive waves, appear to be the
most common approach in the estimation. The techniques are based on the triple
(two space and a time) Fourier transform of the window analyzed. An illustration
of the slowness spectrum of the shear-wave window of the N-S component of the
data recorded at the SMART-1 array during Event 5 (a 6.3 magnitude earthquake
at an epicentral distance of 30 km from Lotung and at a focal depth of 25 km) is
presented in Fig. 9.3. The direction of the line connecting the peak of the
spectrum (red area) with the origin of the slowness plane reflects the direction
of propagation of the waves, and its length is equal to the inverse of the
propagation velocity (in this case 4.5 km/s).

In seismic assessments, the selection of the value of the apparent propagation
velocity is a controversial issue, because it can theoretically range between the
values of the shear wave velocity of the surface soil layer (horizontal propagation)
to infinity (vertical propagation). Clearly, this may lead to a significant variability in
the response of structures, particularly the ones located at sites with soft soil
conditions. In a probabilistic analysis, a uniform distribution in the interval [1 km/
s, 4 km/s] may be used to consider the effect of the uncertainty in the apparent
propagation velocity for the structural response evaluation due to the significant
uncertainty in the evaluation of this quantity. The higher values of the apparent
propagation velocity can be practically ignored in the seismic assessment of most
structures, even long-span bridges.
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9.2.3 Lagged Coherency at Uniform Sites

Coherency models have been evaluated mostly from data recorded at soil sites and,
particularly, the SMART-1 array site. As already indicated, empirical lagged coher-
ency models carry a significant amount of uncertainty based on the approach by
which they were developed. Furthermore, most empirical coherency models were
evaluated at a single site for a single event. Even though this approach has advan-
tages, the derived models cannot be readily extrapolated to different sites.

Taking the perspective that lagged coherency, or, more rigorously, the plane-
wave coherency, a term coined by Abrahamson (1993) and describing exactly what
the word reflects, is independent of the seismic intensity, distance from source as
well as site conditions, Abrahamson (1993) developed perhaps the most reliable
coherency model, both for the horizontal and the vertical components of the SGMs,
in the literature. The model is based on an extensive set of data at various sites,
corrected to reproduce unity at zero frequencies, tending, as plane-wave coherency,
to zero values at high frequencies and accommodating the fact that coherency
depends on station-separation distance. The variation of this model with frequency
and station-separation distance is presented in Figs. 9.4a, b. In the figure, the model
is cited as plane-wave coherency at soil sites, due to the fact the most of the data used
in its development were recorded at soil sites. However, considering that local
scattering cannot be the same at “soil” and “rock” sites, grouping all data together
cannot be validated. Indeed, Zerva and Zhang (1996), analyzing data at the SMART-
1 array, and later on, Liao (2006), estimating lagged coherencies at spatial array data
at a variety of site conditions, noted a correlation between amplitude and phase
variability at soil and rock sites: Because rock sites produce their peak response at
higher frequencies than soil sites, coherency at rock sites should be higher than that
at soil sites. Abrahamson (2007) developed another model, based, mainly, on data at
the rock site of the Pinyon Flat array, and derived the plane-wave coherencies
presented in Figs. 9.4c, d. The comparison of the plots in Fig. 9.4a and c and b
and d clearly reflects the fact that scattering at soil sites tends to reduce the values of
the plane-wave coherency faster than that at rock sites. It should be noted that spatial
variability is also of importance in the seismic safety assessment of nuclear power
plants: Their large, mat, rigid foundations tend to average, and, consequently, reduce
the translational motions induced by spatially variable seismic excitations, even
though they excite some rotational response (Luco and Wong 1986). Considering
the higher frequency content of rock sites, the more significantly correlated motions
diminish the effect of the translational reduction.

The above being said, there are significant issues concerning the models in
Fig. 9.4. One basic issue is the broad classification of coherency at “soil” and
“rock” sites, as there is significant variability in the properties at these uniform
sites. However, given that sites instrumented with arrays are limited, a designer
needs to rely on available information, and the models in Fig. 9.4 are, to the authors’
opinion, the most valid ones.
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Additional sources of uncertainty are caused, especially, by the soil properties,
e.g. (JCSS 2001): spatial variability of soil properties (patterns of variability may be
either continuous or discrete); limited soil survey and laboratory or in-situ testing;
inaccuracy of soil investigation methods or erroneous interpretation of investigation
results, and nonlinear response due to ground shaking. The last source not only
causes spatial and temporal variations in the shear wave velocity, but also affects the
values of the apparent propagation velocity and incoherency coefficient, and results
in fluctuation of their values. Soil becomes nonlinear and irreversible at very small
strains, and its nonlinear nature highly depends on the characteristics of the seismic
excitation (Kolymbas 2003). This feature of soil can significantly affect the
incoherency of ground motions due to the non-uniform soil nonlinearity at the
site and indicates that coherency models should be functions of both soil properties
and seismic intensity. Currently, none of these two factors have been considered in
proposing coherency functions or their derivation. Therefore, the use of existing
coherency functions for simulating severe earthquakes in the near field is
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questionable due to the significant effect of the soil nonlinearity on the spatial
variability of seismic ground motions. Furthermore, it should be noted that soil
becomes more nonlinear with the increase of the seismic intensity, and, as a
consequence, the value of the shear wave velocity is reduced. FEMA 356 (2000)
proposes relations for modifying the shear wave velocity based on the soil type and
the peak ground acceleration (PGA). It is also worth noting that coherency models
are usually derived assuming that the site of interest is a homogeneous and isotropic
medium. Therefore, the effect of non-uniform site conditions on the SVSGMs is
commonly ignored in simulating asynchronous seismic excitations, and no recom-
mendation can be made to even partly mitigate the effect of this uncertainty in the
seismic analysis of structures. This lack of availability of coherency models at
non-uniform sites is discussed in the following.

9.2.4 Irregular Subsurface Topography

As illustrated in the previous sections, many coherency models have been developed
for uniform sites. Such coherency models cannot be utilized for the simulation of
SVSGMs at sites with variable subsurface topography, as, it is well known, that the
pattern of wave propagation at such sites differs fundamentally from that at uniform
ones (e.g. Bard and Bouchon 1985). Furthermore, due to the uniqueness of the
geometric characteristics and material contrasts in these regions, even if coherency
models can be estimated at a single site for one or multiple events, their extrapolation
to different sites is meaningless. This section presents, first, some attempts to remedy
the lack of sufficient data for coherency estimation via analytical approaches, and,
then, highlights physical insights in coherency estimation at narrow valleys from
spatially recorded data.

9.2.4.1 Analytical Evaluations

For variable site conditions, researchers usually adopt two approaches for simulating
the SVSGMs: (1) using simplified one-dimensional wave propagation models
(e.g. Der Kiureghian 1996; Zembaty and Rutenberg 2002; Bi and Hao 2011), and
(2) using complicated two- or three-dimensional numerical simulation methods,
such as finite-element, finite-difference and boundary-element methods
(e.g. Assimaki et al. 2005; Kamalian et al. 2008). The former approach partly
considers dynamic effects of the site response and is more common in seismic
analysis of structures because of its simplicity, but does not have a solid theoretical
justification, and simulated ground motions cannot be readily compared with reality.
The latter approach is more accurate because it can incorporate dynamic and kine-
matic characteristics of the site and wave propagation into the seismic analysis, but is
also more complicated and computationally expensive. Figures 9.5a, b show two
typical site conditions for bridges.
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In Fig. 9.5a for ϑ < 15�, one may ignore the kinematic effects of the topography
on the SVSGMs based on the provisions of AFSP (1995) and Eurocode 8-Part
5 (2004). In such a case, depending on the variations in the fundamental period of the
soil columns shown in Fig. 9.5a, one may ignore or consider the dynamic charac-
teristics of the site in the coherency model using simplified one-dimensional wave
propagation models (e.g. Der Kiureghian 1996). However, in Fig. 9.5a for ϑ > 15�,
the application of the complicated two- or three-dimensional numerical simulation
methods is necessary to determine the SVSGMs. In such cases, the effect of the
topography may be only ignored on the input seismic motions of Pier 1, if it is far
enough from the bottom corner of the slope (Bouckovalas and Papadimitriou 2005;
Gatmiri et al. 2009). Figure 9.5b shows a typical configuration of the abutment and
pier in highway bridges, for which the seismic input of the pier and abutment cannot
be considered the same, but such a consideration is usually ignored in seismic
analyses. For ordinary standard bridges, this approach may be adequate due to the
level of accepted uncertainty in their design if at least a simplified one-dimensional
wave propagation model for simulating ground motions is taken into account.
However, the use of the complicated two- or three-dimensional numerical simulation
methods is essential for important and irregular bridges located in regions with high
seismicity due to the fact that their nonlinear response highly depends on the
characteristics of the input excitation.

9.2.4.2 Empirical Coherency at Narrow Valleys

In 1995, a temporary dense array of digital seismographs was deployed in the
Parkway Valley, Wainuiomata, New Zealand (Stephenson 2000). This flat-floored
valley is approximately 400 m wide and surrounded by greywacke outcrops. The
configuration of the array and the Parkway Valley are shown in Fig. 9.6a. Station
01 (not shown in the figure) was installed approximately 2 km NE of the basin on
firm rock. Four stations (stations 22–25) were deployed on the soft rock (weathered
greywacke) surrounding the valley. Station 13 was never installed; 19 stations
(stations 02–21 except 13) were installed on the soft sediments of the valley. The

Fig. 9.5 Configuration of site topography: (a) slope, and (b) vertical slope
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minimum and maximum separation distances between the stations within the valley
and surrounding the valley were 22.8 m and 665.7 m, respectively, with an average
distance between stations being less than 40 m. Hence, the station-separation
distances are pertinent for engineering applications, and the two orange lines in the
figure were constructed to mimic footprints of bridges with their abutments located
at soft rock and their piers in the soft sediments of the valley.

A very complex pattern of wave propagation was observed during the analyzed
event (magnitude 4.9, depth of 28 km, epicentral distance of 80 km, and a geomet-
rical backazimuth of 59� clockwise from north) by Zerva and Stephenson (2011):
The E-W component of the data during the onset of the excitation in the valley
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Fig. 9.6 (a) The Parkway array, and (b) representative power spectral densities and (c) lagged
coherencies (Adopted from Zerva and Stephenson 2011)
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stations appears to be composed of Love-type waves, in addition to some shear-wave
amplification, whereas the N-S component is composed of Rayleigh waves at the
higher frequencies and, in part, shear-wave amplification at the lower frequencies.
The vertical motions during this window also contain Rayleigh waves at the higher
frequencies, but appear to be more erratic than the horizontal motions. During the
later windows of the ground motions, high energy waves at low frequencies control
the motions in both horizontal directions. These appear to be Love-type waves
arriving from the north for the E-W component of the motions and from the east
for the N-S component. The vertical motions during these latter windows exhibit low
amplitudes. The coherency pattern of the motions also appear significantly different
that those at uniform sites. As an illustration, Figs. 9.6b, c present power spectral
densities and coherencies at the onset of the excitation of the N-S component of the
valley stations along the lower bridge footprint of Fig. 9.6a. It can be clearly seen
from the figures that the amplitude variability of the motions (Fig. 9.6b) is dramatic,
and a single power or response spectrum cannot describe the data at such irregular
topographies. Furthermore, consistently throughout the study, as can also be seen by
comparing Figs. 9.6b, c, the correlation in the motions appeared as “hills” in the
lagged coherency estimates when the energy in the motions at the participating
station pairs peaked at similar frequency ranges. These “hills” appeared irrespective
of whether the energy in the motions was caused by shear or surface waves. Another
very important observation of the study, corroborating previous results (Bard and
Bouchon 1985; Frankel et al. 1991), is that the duration of the records in sedimentary
basins is longer than those at rock sites. The study suggested that, whereas the
motions at the rock stations 22 and 23 (reflecting the position of the abutments of the
bridge) have ceased, the stations in the valley underwent the most severe part of the
seismic excitation. The effect of the significant differences in the duration of the
motions at sites where surface waves may form is not currently addressed in the
modeling of spatially variable excitations at irregular subsurface site conditions.

Recently, Imtiaz et al. (2017) analyzed data recorded at the dense array at the
Koutavos-Argostoli area, Cephalonia Island, Greece, which was operational
from September 2011 to April 2012. Koutavos-Argostoli is a relatively small
alluvial valley approximately 3 km long and 1.5 km wide, surrounded by hills of
limestone and marl. The array stations were positioned on four concentric
circles, with radii of 5, 15, 40 and 80 m, around the central station A00. Five
stations, branching off from A00 in five directions, N 39�, N 112�, N 183�, N
255� and N 328�, were placed on each concentric circle. The station-separation
distances ranged between 5 and 160 m, making the results of the evaluation
pertinent for engineering applications. Imtiaz et al. (2017) conducted an elabo-
rate sensitivity analysis from a set of 46 local and regional earthquakes (mag-
nitudes ranging between 1.9 and 5.2, over an epicentral distance of a 200 km
radius from the center station). Their analysis indicated that the motions in the
valley are a mixture of different types of waves. The results from all data sets
suggested that lagged coherency is independent of the geometrical (E-W and
N-S) or rotated (about the source or valley main axis) directions, slight or no
systematic dependence of coherency on magnitude, hypocentral distance or
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backazimuth, but large coherency resulted from data recorded at station pairs
oriented in the valley-parallel direction and low coherency for those recorded
at station pairs in the valley-normal direction.

The results of both studies clearly indicate that, at sites with irregular subsurface
topography, the amplitude, coherency and duration of the motions can vary signif-
icantly, and the common approaches to remedy this problem may not provide
satisfactory results for the seismic evaluation of extended structures crossing such
regions.

9.2.5 Simulation Approach

Because records of closely spaced strong ground motions are rare, seismic analysis
of bridges is usually conducted using simulated ground motions consistent with a
prescribed spatial variability model for the region of interest (Hao et al. 1989). In this
case, the SVSGMs are artificially generated by means of unconditional or condi-
tional simulation methods (e.g. Deodatis and Shinozuka 1989; Liao and Zerva 2006;
Vanmarcke et al. 1993). In most research studies, as well as the recommended
analytical approach of Eurocode 8-Part 2 (2005), the SVSGMs are unconditionally
simulated as stationary, obeying a coherency model and propagating with a pre-
scribed apparent propagation velocity on the ground surface. They are then multi-
plied by an envelope function, which gives them a beginning and an end, and
iteratively modified to become compatible with the target response spectra. Such
SVSGMs depict some of the dominant physical characteristics of ground motions,
but do not fully comply with physical considerations. On the other hand, conditional
simulations are based on a reference (seed) time series, which can be an actual
recorded accelerogram or a synthetic time series. The conditional simulations are
generated such that they conform to the reference time series, obey the selected
coherency model and propagate with the prescribed propagation velocity on the
ground surface. Even though conditionally simulated waveforms represent more
realistic ground motions than simulated ones (Zerva 2009), one should be cautious
regarding the segmentation error, which is usually considered using a trial and error
method (Vanmarcke and Fenton 1991). It is also worth noting that there are
conditional simulation methods (e.g. Abrahamson 1988) that, first, decompose the
recorded wavefield to its signal and noise components, using F-K analysis, and then
estimate the interpolated time series at any location by recombining the signal and
noise components.

The seismic response of structures highly depends on the characteristics of the
input excitation, and, hence, the processing of earthquake time series with the use of
a consistent scheme is an influential factor in the reduction of the variability of the
structural output, and, consequently, a reliable structural analysis (Akkar and
Bommer 2006; Zerva et al. 2012). The magnitude of the induced pseudo-static
forces in the bridge structure highly depends on the shape of the displacement
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time series and its peak value. The most common techniques for the processing of
earthquake records, which may significantly modify the waveform of the condition-
ally simulated ground motions and cause a manipulation error, are baseline correc-
tion and high-pass filtering. Uncertainties in the processing of earthquake time
series, and the selection of the high-pass corner frequency have been discussed in
detail by Falamarz-Sheikhabadi (2017). It should be emphasized that the processing
scheme should be the same for all spatially variable seismic excitations (seed and
generated ones), as differences in processing would affect the displacement time
series. Notably, most finite element codes require displacement time series as input
excitations for the spatially variable ground motion case for exactly this reason.

9.3 Rotational Seismic Ground Motions

The SVSGMs not only cause differential excitations, but also induce rotational
seismic ground motions (RSGMs), which may affect the seismic structural response
(Fig. 9.7).

In spite of the fact that all six components, three translational and three rotational,
are needed to describe the SGMs, very few research studies have investigated the
effects of the rotational (rocking or torsional) components on the seismic behavior of

Fig. 9.7 Geometric layout for the seismic wave propagation and the spatial variability of ground
motions
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structures as compared to those of the translational ones. However, it has been
shown that the RSGMs are influential on the seismic response of nuclear reactors
(Rutenberg and Heidebrecht 1985), tall asymmetric buildings and irregular
frames (Ghafory-Ashtiany and Singh 1986), slender tower-shape structures
(Zembaty and Boffi 1994), multiple-support structures (Falamarz-Sheikhabadi
et al. 2016), both vertically irregular and regular structures (Falamarz-
Sheikhabadi 2014), particularly in the near field (Trifunac 2009). In spite of
these studies, most codes do not appropriately address the effect of the seismic
rotational loading in the design of structures (Falamarz-Sheikhabadi 2014). This
may be justified because of the shortage of earthquake records of RSGMs. Ring
laser gyroscopes (RLGs) are one of the most essential instruments for the direct
measurement of the rotational components (Nigbor 1994; Takeo 1998). The
RSGMs have also been estimated utilizing seismic data from dense arrays of
accelerometers (Niazi 1986; Oliviera and Bolt 1989). For short separation dis-
tances of accelerometers, the overall characteristics of array-derived rotational
time series are in fairly good agreement with the rotational components measured
by RLGs (Suryanto et al. 2006). The method of tilt evaluation may be also used to
estimate the rocking component using one seismic station by filtering the
low-frequency components of its uncorrected strong-motion accelerogram
starting from a characteristic frequency (Graizer 2006).

In engineering practice, the RSGMs are mostly simulated, using the classical
elasticity theory (Basu et al. 2013; Falamarz-Sheikhabadi and Ghafory-Ashtinay
2012; Trifunac 1982; Zembaty and Boffi 1994), in terms of spatial derivatives of
their corresponding translational ones as follows:

~θ ! ðtÞ ¼ ∂uzðtÞ
∂y

~i ! �∂uzðtÞ
∂x

~j ! �1
2

∂uxðtÞ
∂y

� ∂uyðtÞ
∂x

� �
~k ! ð9:3Þ

where~i,~j, and ~k are unit vectors in the direction of the x-, y-, and z-axes, respectively
(z is the vertical axis); t is time, and u and θ represent the translational and rotational
ground motions, respectively. The first two terms on the right-hand side of Equation
(9.3) are the rocking components related to the vertical ground motion, and the third
term, the torsional component, is related to the horizontal motions. In the frequency
domain, the rotational ground displacements may be obtained as:

~Θ ! ðωÞ ¼ 2πi
UzðωÞ
tyðωÞ

~i ! �2πi
UzðωÞ
txðωÞ

~j ! �πi
UyðωÞ
txðωÞ � UxðωÞ

tyðωÞ
� �

~k ! ð9:4Þ

where tj is the wavelength of the seismic waves along the jth-direction on the
horizontal surface ( j ¼ x or y). Considering the fact that the contribution of body
waves to ground accelerations are dominant at close distances to the seismic source,
the dispersion effect of surface waves may be ignored (surface waves mostly
contribute to the rotational ground displacements in the far field). In this case, by
introducing apparent propagation velocities along the x- and y-directions, as the
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velocity at which a plane wave appears to travel on the horizontal surface, the
rotational acceleration components may be approximated by:

~€Θ ωð Þ ¼ iω
€Uz ωð Þ
Vy

~i� iω
€Uz ωð Þ
Vx

~jþ i
ω

2

€Ux ωð Þ
Vy

�
€Uy ωð Þ
Vx

� �
~k ð9:5Þ

with Vj being the constant apparent propagation velocity along the jth-direction. If
the coordinate system is oriented along the principal axes, Eq. 9.5 may be simplified
as:

~€θ tð Þ¼0~i�
:::
u z tð Þ
Vx

~jþ
:::
u y tð Þ
Vx

~k ð9:6Þ

with the x- and y-axes now being defined along the radial and transverse axes,
respectively. This simple relation (Eq. 9.6) is usually considered as a first-order
approximation for the simulation of the rotational acceleration components. In
Eq. 9.6, only the effect of the time delay in the propagation of seismic waves is
considered to simulate the RSGMs, even though the loss of coherency may also
contribute to the RSGMs. Falamarz-Sheikhabadi et al. (2016), for the first time,
considered the combined action of both time delay and lagged coherency, modeled
after the Luco and Wong (1986) lagged coherency model (Eq. 9.2), in the simulation
of the RSGMs as follows:

~€θ tð Þ
n o

¼ 0~i� Rθ
:::
u z tð Þ~jþ Rθ

:::
u y tð Þ

2
~k; Rθ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λ2x
V2
S

þ 1

V2
x

s
ð9:7Þ

In rotational seismology, 1/Rθ is commonly referred to as the equivalent phase
velocity. It can be deduced from Eq. 9.7, that the value of the apparent propagation
velocity is always greater than the equivalent phase velocity. The ambiguity in the
definition of these two characteristics of the seismic wave propagation led some
studies to consider very small values for the apparent propagation velocity in the
simulation of the SVSGMs.

Herein, it should be noted that the accuracy of the simulation of the RSGMs for
practical applications depends heavily on engineering judgment. As indicated earlier
in Sects. 9.2.1 and 9.2.2, empirical data are required for the selection of the values of
Vx and λx, and such information is generally not provided in the seismological or
geotechnical literature. In addition, there is no method for the evaluation of the value
of the apparent propagation velocity in the near field. This difficulty usually results
in the assumption of using the shear wave velocity of the surface layer instead of the
apparent propagation velocity, which has been also adopted by design codes, such as
Eurocode8 (2005). Certainly, such an assumption leads to large, unrealistic ampli-
tudes for the RSGMs. In a seismic assessment, if the interaction of the rotational and
translational components is ignored, this assumption results in an anti-optimal
design of structures, particularly those located in high-seismicity zones. However,
if they are simultaneously applied to the structure, the aforementioned assumption

242 A. Zerva et al.



may result in the under- or over-estimation of the seismic forces applied to the
structure due the inherent phase shift between the rotational and translational
components. This issue may be even amplified if the effects of the soil-structure
interaction, possible pounding of adjacent structures, and differential ground
motions are also considered in the seismic assessment. Hence, further research on
this topic is necessary for the safe design/retrofit of structures subjected to six
earthquake components.

9.4 Soil-Structure Interaction

The deviation of the foundation input motion from the free-field ground motion is
attributed to kinematic and dynamic soil-structure interaction effects, which are
discussed in the following with emphasis on spatially variable input excitations.

9.4.1 Kinematic Soil-Structure Interaction

The kinematic constraint of the foundation movement, the foundation stiffness
relative to that of its surrounding soil, and the SVSGMs result in the kinematic
soil-structure interaction (KSSI). For “point” foundations, because their dimensions
are relatively small compared to the wavelength of the seismic motions, it is
reasonable to assume that the ground motions over the entire foundation area are
the same. However, for shallow foundations with large-dimensions, the SVSGMs
cause different movement at the soil-foundation interface locations. In this case, the
effect of the KSSI on the input motion is usually evaluated via averaging the free-
field motions within the footprint area of the foundation (Falamarz-Sheikhabadi and
Ghafory-Ashtiany 2015; Veletsos et al. 1997). For deep foundations, the effects of
the scattering and embedment should be also taken into account (Luco 1986). It has
been shown that the effect of the KSSI is most noticeable at the higher frequencies of
the excitation. This observation may be attributed to the fact that higher-frequency
waves have shorter wavelengths in comparison to the lower-frequency ones, and,
hence, the averaging effect is more pronounced for the former (Todorovska and
Trifunac 1992). Herein, it should be noted that there is no unique approach for the
consideration of the KSSI in seismic analysis, and most design codes or guidelines
do not provide any recommendation for the incorporation of this phenomenon in the
definition of the seismic excitation. One exception may be NEHRP (2015) that
addresses the problem of the KSSI for shallow, embedded shallow and pile founda-
tions in detail.

For multiple-support structures with extensive foundations, the effect of both the
KSSI (multi-point effect) and asynchronous seismic excitation (multi-support effect)
should be considered in the evaluation of the input motion at each structure’s
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support. Hence, the SVSGMs need to be described at very short as well as long
separation distances on the ground surface level and various soil depths. For this
reason, the model of Luco and Wong (1986), described in Eq. (9.2), or the models
developed by Abrahamson (1993, 2007), presented in Fig. 9.4, are the most appro-
priate. The difficulty in selecting appropriate values for the Luco and Wong (1986)
model parameters has been discussed in Sect. 9.2.1. It should be noted, however, that
essentially all coherency models have been developed from ground-surface records,
and the variability of seismic ground motions at depth has not attracted attention.

For deep foundations, such as piles, the effect of the time delay, the incoherence
variation with depth and the soil response should be considered to simulate the
SVSGMs. In this case, care should be taken in appropriately estimating the time
delay in the propagation of shear waves along the vertical direction, which is not the
same as their apparent propagation in the horizontal direction. The apparent propa-
gation velocity along the vertical direction (Vz) should be evaluated as follows:

Vz ¼ Vx tan βð Þ ð9:8Þ
where β is the incident angle of the shear waves at ground surface layer. This
relationship between the apparent propagation velocities along the horizontal and
vertical axes is, generally, ignored, and Vz is simply considered equal to the average
shear wave velocity of the top 30 m underneath the ground surface (VS30). In extreme
loading scenarios, such an approach may result in contradictory values for the
velocities, particularly if it is simultaneously assumed Vx ¼ Vz ¼ VS30. This is due
to the fact that when Vx ¼ VS30, then Vz ! 1, and when Vz ¼ VS30, then Vx ! 1.
However, for reasonable values of the apparent propagation velocity (along the
horizontal direction), the assumption that Vzffi VS30may be acceptable. For example,
for a site with VS30 ¼ 300 m/s, if it is assumed that Vx ¼ 1000 m/s and β ¼ 18�, one
may evaluate Vz using Eq. 9.8 as 320 m/s. The incoherence with depth, as noted
earlier, is yet to be determined.

9.4.2 Dynamic Soil-Structure Interaction

The foundation vibration due to the soil flexibility affects the foundation input
motion, leading to dynamic soil-structure interaction (DSSI). For structures
supported on hard soil or rock it is common to ignore the DSSI. However, the effect
of the soil/rock domain in the seismic response of important structures, e.g. bridges,
tall buildings, dams, and nuclear power plants, can be significant. The DSSI may
influence beneficially the seismic behavior of structures by increasing the structural
damping and dissipating the input energy (Wolf 1985). On the other hand, it may be
have a detrimental effect due to resonance and amplified P-Δ effects, which may
result in structural instability (Wolf 1985). To consider the DSSI effect properly, the
input motion should be applied at depth in the soil/rock domain, when a numerical
(finite element) model of the structure is constructed. Additionally, to absorb the
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outgoing waves, appropriate conditions should be placed at the boundary between
the finite computational domain and the infinite medium. In the following, two
important issues regarding the consideration of the spatial variability of seismic
ground motions in the numerical modeling of DSSI problems are briefly addressed.

9.4.2.1 Modeling of the Unbounded Soil/Rock Domain

Since the numerical modeling of the infinite soil/rock domain in DSSI problems is
not feasible, the most common approach is to model only the domain near the
structure (near-field domain) and apply appropriate boundary conditions at the
outer end of the truncated model (Fig. 9.8). These conditions, commonly termed
absorbing boundary conditions (ABCs), should satisfy the radiation condition at
infinity, so as to ensure that no energy is reflected back into the system. Viscous
dashpots are the easiest ABCs to implement, because they are independent of the
finite domain, and work well for both time and frequency domain analyses (Kellezi
2000). Furthermore, they can perfectly absorb normally incident waves at the
boundary. However, their ability to absorb inclined waves with a large angle of
incidence (θ > 30o), Rayleigh waves, and evanescent waves is very limited. Hence,
for problems considering spatially variable ground motions, for which the apparent
propagation of the motions is caused by the inclined wave incidence, their use is not
recommended.

The use of infinite elements is an alternative approximate method to model the
far-field unbounded domain. The mapped infinite elements work well for static

Fig. 9.8 Typical model of soil-structure-interaction (Adopted from Poul and Zerva 2018a)
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problems in elastic media (Zienkiewicz et al. 1983). For wave propagation problems,
this method cannot be used directly and should be combined with additional
techniques (as, e.g. incorporating outwardly propagating wave-like factors in the
formulation (Nenning 2010)). This common ABC cannot, also, appropriately model
the radiation damping due to inclined seismic wave propagation.

A fairly recent approach, the Perfectly Matched Layer (PML) method, is one of
the most powerful tools to fully absorb all outgoing waves at any angle of incidence
and any frequency (Chew and Weedon 1994; Zheng and Huang 2002). PML was
first proposed by Berenger (1994) to absorb electromagnetic waves in the finite-
difference time domain. PML is a layer of an artificial material that is placed around
the computational domain. Conditions that there is no reflection at the interface
between the finite and PML domains and that the characteristics of the PML
elements are such that they fully dissipate the outgoing waves are the key charac-
teristics of the method. Furthermore, ABCs based on the PML approach are more
adaptable because they can be expanded to heterogeneities and/or anisotropy in the
material, as well as geometrical complications like corners and conformal bound-
aries (Zheng and Huang 2002). Theoretically, this method is exact and the outgoing
waves are fully absorbed. However, when the problem is discretized (either with the
finite-element or the finite-difference approaches), the wave equation is solved
approximately and some small reflections may occur at the interface (Johnson
2010). In spite of this issue, PML is still the most recommended ABC when
SVSGMs are considered in DSSI analyses.

To illustrate the performance of PML to absorb outgoing waves, the 2D model of
the soil domain in Fig. 9.8 is subjected to a vertical impulse load at its free surface.
The depth and length of the soil profile are 150 m and 300 m, respectively. The shear
wave velocity and Poisson’s ratio of the soil are considered as 276 m/s and 0.3,
respectively. To absorb the outgoing waves, a PML layer with a width of 75 m is
placed at the boundaries of the computational domain. The propagation of the waves
at different times is presented in Fig. 9.9. The numerical results in the figure clearly
demonstrate that the PML approach can effectively absorb the outgoing waves at any
angle of incident.

9.4.2.2 Simulation of Seismic Motions at Depth

In DSSI analyses, the input motions need to be applied at the boundaries of the
truncated soil/rock domain, i.e. at the interface of finite and ABC domains. Such
ground motions at depth are determined by performing a deconvolution analysis of
the target surface ground motion. Evidently, the reliability of the DSSI analysis
highly depends on the accuracy of the derived deconvolved motions.
One-dimensional analytical deconvolution approaches are the common tool used
to determine the ground motions at the boundaries of the bounded domain (Kramer
1996). The frequency-domain solution, obtained with the SHAKE program (Schnabel
1972), is usually utilized to deconvolve the surface ground motions for the dynamic
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analysis of structures. The basic idea is to generate motions at a given depth in the soil
profile by utilizing the concept of inverse transfer functions. It should be noted that, if the
deconvolved motion resulting from SHAKE is applied at the base of the discrete finite-
element model of the soil profile, discrepancies between the convolved motion from the
finite-element method (FEM) analysis and the target one should be expected (Poul and
Zerva 2018b). The main reason is that the damping formulation and the solution
approach in the FEM and SHAKE codes are quite different. Furthermore, the boundary
conditions in the FEM and SHAKE are also different. Another issue regarding SHAKE
is that it cannot be used for the deconvolution of the vertical component (compressional
P-waves) of the seismic motion (Schnabel 1972). However, the vertical component
should be also considered in the response evaluation of structures, and, thus, also needs
to be deconvolved.

The deconvolution process can also be performed directly in finite-element, time-
domain analyses in linear (Remier 1973) and equivalent linear-viscoelastic media
(Poul and Zerva 2018a). The aim here is to determine the seismic motions at the

Fig. 9.9 Performance of PML in absorbing outgoing waves at any angle of incidence
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appropriate depth of the soil profile by modifying the target surface ground motions
based on the mathematical model of the system, which is assessed by analyzing the
input-output data and determining the finite domain’s gain function and phase shift.
Poul and Zerva (2018a) showed that the time-domain deconvolution approach yields
better estimates for the convolved motion as compared to those resulting from
SHAKE over a wide range of frequencies.

The aforementioned 1D approaches are only applicable for the deconvolution of
vertically propagating, fully coherent seismic waves. To partially overcome these
difficulties, two- and three-dimensional numerical deconvolution approaches, such
as the domain-reduction method (Bielak et al. 2003), have been proposed for the
evaluation of the seismic excitation at the model boundaries. However, such
approaches still have three significant drawbacks: (i) they neglect the loss of
coherency effects; (ii) they are complex and computationally expensive, and (iii)
they still require validation using recorded data. This necessitates the development of
three-dimensional coherency models to appropriately address the problem of the
simulation of seismic ground motions at depth.

9.5 Conclusions

This paper addresses issues pertinent to the use of spatially variable excitations for
the seismic response of extended structures. Recommendations on the use of appro-
priate lagged coherency models and apparent propagation velocities at uniform sites
have been proposed. The inadequacy of current analytical approaches to reproduce
SVSGMs at sites with irregular subsurface topography have been documented. The
preference of using conditional simulations as compared to purely statistical ones
has been noted. New approaches for the analytical evaluation of the rotational
components of the seismic excitation and the need to incorporate them in the seismic
assessment of structures have been highlighted. The most appropriate ABC for use
in cases when the SVSGMs are of importance was provided and the lack of validity
of the 1D wave propagation in such problems was illustrated. The need of three-
dimensional coherency models was also emphasized; research towards this goal is
currently underway.
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