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ABSTRACT

Due to the extensive use of one-dimensional equivalent linear analyses to determine the free-field response of
nonlinear soil deposits, dynamic numerical simulations able to reproduce an analogous response to equiva-
lent linear codes are of great value for practical engineering, particularly for dynamic soil-structure interaction
problems. An appealing alternative, for problems not close to a failure condition, is to assume a linear elastic
behaviour of the soil but with stiffness parameters derived from one-dimensional equivalent linear analyses, i.e.
consistent with the level of deformation induced by the input motion. In this approach, energy dissipation has
to be artificially incorporated through material damping formulations. In this work, local, Rayleigh, and hyste-
retic damping formulations in FLAC were assessed to emulate results from one-dimensional equivalent linear
analysis. A main feature of the analyses is that they consider a site having a considerably stratified soil deposit,
in which the shear wave velocity profile displays significant variations and where the selection of some parame-
ters in the damping formulations is not a trivial task. Results provide relevant insights into the performance of
the adopted damping formulations and the selection of material damping parameters to reproduce results of
equivalent linear analyses.
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Amortiguamiento material en depositos de suelo estratificados

RESUMEN

Debido al frecuente uso de andlisis unidimensionales con el método lineal equivalente, para determinar la
respuesta en campo libre de un depdsito de suelo no lineal, se consideran de gran valor préctico los andlisis
numéricos dinamicos capaces de reproducir una respuesta analoga a los codigos lineales equivalentes, particu-
larmente en problemas de interaccion dindmica suelo-estructura. Una alternativa atractiva, en problemas que
no estan cerca de una condicién de rotura, es el asumir un comportamiento eldstico lineal del suelo, pero con
parametros de rigidez derivados de analisis unidimensionales con el método lineal equivalente, i.e. consistentes
con el nivel de deformacién inducido por el movimiento de entrada. En este enfoque, la disipacion de energia
debe incorporarse artificialmente a través de formulaciones de amortiguamiento material. En este trabajo se
evaluaron las formulaciones de amortiguamiento local, de Rayleigh e histerético en FLAC, con el fin de emular
los resultados de un analisis unidimensional con el método lineal equivalente. La principal caracteristica de los
andlisis es que estos consideran un sitio con un depdsito de suelo notablemente estratificado, en el que el perfil
de velocidad de ondas de corte muestra variaciones significativas, y en donde la seleccién de algunos parame-
tros en las formulaciones de amortiguamiento no es una tarea trivial. Los resultados proporcionan informacién
relevante respecto al comportamiento de las formulaciones de amortiguamiento adoptadas y respecto a la selec-
cion de los parametros para reproducir los resultados de analisis lineales equivalentes.

Palabras  clave:  Amortiguamiento  material;
deposito de suelo estratificado; FLAC; andlisis
numeéricos dinamicos; lineal equivalente.

Record
Manuscript received: 17/01/2022
Accepted for publication: 19/12/2022

How to cite item:
Diaz, M. A., Manica, M. A., Botero, E., Ovando-
Shelley, E., & Osorio, L. (2022). Material damping
in a stratified soil deposit. Earth Sciences Research
Journal, 26(4), 279-290 https://doi.org/10.15446/
esij.v26n4.100527

ISSN 1794-6190 -ISSN 2339-3459
https://doi.org/10.15446/estj.v26n4.100527


https://doi.org/10.15446/esrj.v26n4.100527
mailto:mmanicam@iingen.unam.mx

280

1. Introduction

Analyses of one-dimensional propagation of shear waves, using the
equivalent linear method (Seed & Idriss, 1969), have been widely employed
to determine the free-field response of nonlinear soil deposits (Martin & Seed,
1982; Seed et al., 1988; Phanikanth et al., 2011). Input parameters are well
understood and incorporate the result of various in situ and laboratory tests
for the dynamic characterisation of soils. The initial small strain stiffness is
generally determined from wave velocities obtained, for instance, with in situ
geophysical testing, or in the laboratory with bender elements (Clayton, 2011).
Then, the nonlinear behaviour is incorporated through the equivalent linear
method by iteratively reducing the stiffness and increasing the critical damping
ratio as a function of the maximum strains attained in each iteration, according
to given modulus degradation and damping data. The latter are obtained in the
laboratory through tests such as the resonant column, cyclic triaxial, or cyclic
simple shear tests (Seed & Idriss, 1970; Vucetic & Dobry, 1988; Okur & Ansal,
2007). This kind of analysis provides a robust approach to assess seismic site
effects (Martin & Seed, 1982), with similar results to nonlinear time-domain
analyses (Borja et al., 1999; Kaklamanos et al., 2015). However, it is important
to notice that the interpretation of the mentioned laboratory tests, in terms of a
progressive reduction of the secant modulus, is a simplification and, in reality,
along with some elastic stiffness reduction, yielding, accumulation of plastic
deformations, and hardening phenomena, to name a few, occur in the soil,
especially for large strain amplitudes.
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Nowadays, numerical methods, such as the finite element or the finite
differences methods, are widespread and used routinely for geotechnical design.
They are particularly useful to address soil-structure interaction problems
(Kausel, 2010). Also, due to advancements in computational geomechanics
(Gens & Potts, 1988; Lade, 2005; Pastor et al., 2011), numerical methods allow
us to reproduce more closely the behaviour of soils, including phenomena such
as yielding, accumulation of plastic deformations, hardening/softening, inherent
and induced anisotropy, or viscous effects. However, the use of complex
constitutive models in dynamic soil-structure interaction numerical simulations
is still not widespread, and this kind of analysis has not been thoroughly
validated. Therefore, dynamic numerical simulations that can reproduce
an analogous response to one-dimensional equivalent linear codes, such as
SHAKE (Schnabel et al., 1972), are still of great value to practical engineering.
An appealing alternative, for problems not close to a failure condition, is to
assume a linear elastic behaviour of the soil, but with stiffness parameters
derived from one-dimensional equivalent linear analyses, i.e. consistent with
the level of deformation induced by the input motion (e.g. Manica et al.,
2016). In this approach, energy dissipation has to be artificially incorporated
through material damping formulations. Although different approaches have
been evaluated in the literature (see e.g. Manica et al., 2014; Verrucci et al.,
2022), these studies generally assume a homogeneous soil deposit. However, as
demonstrated by Yang et al. (2013) through centrifuge modelling, the variation
of dynamic properties with depth is of paramount importance to reproduce the
response of the ground under seismic loading
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Figure 1. Tectonic frame of western Mexico.
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This work assessed a number of material damping formulations in FLAC
to emulate results from one-dimensional equivalent linear analyses. Particularly,
local, Rayleigh, and hysteretic damping formulations were assessed during the
course of this investigation. The analyses only considered a slender column of soil,
with appropriate energy dissipating boundary conditions, since only the free-field
response is addressed here. However, the resulting model calibrations can then be
used in large-scale simulations for dynamic soil-structure interaction problems. A
main feature of the analyses was to consider a site having a considerably stratified
soil deposit in which the shear wave velocity profile displays significant variations
and where the selection of some parameters in the damping formulations is not
a trivial task. The input motion was adjusted to comply with a uniform hazard
spectrum for the area, with a 500-year return period, using a spectral matching
technique. Results provide relevant insights into the performance of the adopted
damping formulations and the selection of material damping parameters to
reproduce the results of equivalent linear analyses.

2. Numerical model

2.1. Subsoil conditions

The site under study is located in the downtown area of Guadalajara,
a major city in western Mexico within the Trans-Mexican Volcanic Belt
(TMVB). Seismic activity in the area is related to two major sources: (1) The
subduction of Cocos and Rivera plates beneath the North American plate and
(2) the fractured nature of the TMVB (Yamamoto et al., 2018) (Figure 1).

Subsoil conditions are characterised by the presence of silty sand layers,
of varying relative densities, overlying a basaltic bedrock. They are pumice
soils formed in the Late Pleistocene during periods of intense volcanic activity
(Lazcano, 2010), which are particularly sensitive to particle breakage. The
idealised stratigraphy, used in the analyses, was derived from an exploration
campaign at the site including shear wave velocity measurements using
downhole geophysical logging. Figure 2 shows the shear wave velocity profile,
the assumed idealised stratigraphy, and the unit weight of the considered
layers. The basaltic bedrock was identified at a depth of 44 m, where the lower
boundary of the numerical model in the analyses was assumed. The initial shear
stiffness was derived from shear wave velocities V as

G,=pV; M

where p is the soil density. The bulk modulus K was derived as a function of the
Poisson’s ratio v as

_ 2G(1+v)
3(1-2v) )

The water table is located at a depth of 10 m. It is important to mention that
beyond this depth liquefaction has not been systematically identified in reported
case histories (Youd et al., 2001). Along with shear wave velocities in excess
of 300 m/s from this depth onwards (Figure 2), liquefaction is unlikely to occur
at the site. In addition, to the best of the authors’ knowledge, liquefaction has
never been reported in the area. Therefore, the occurrence of this phenomenon
was not addressed in the present work.
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Figure 2. Shear wave velocity profile and idealised stratigraphy.

The nonlinear behaviour of the soil was taken into account by means of
shear modulus degradation and damping curves. The upper and lower bounds
of the modulus degradation and damping relationships from Seed & Idriss
(1970) were respectively adopted for the silty sand layers comprising the soil
deposit; they are shown in Figure 3.
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Figure 3. Stiffness degradation and damping relationships (Seed & Idriss, 1970).
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2.2. Input motion

The input motion was derived from the east-west acceleration time
history of the 1995 Colima earthquake, recorded at the site under study. It was a
seismic event with a magnitude M/, = 8.1 and an epicentre about 300 km away
from the site. The motion was deconvoluted to the same elevation as the base
of the numerical model using SHAKE (Schnabel et al., 1972), a well-known
computer program for one-dimensional site response analyses where nonlinear
behaviour is accounted for by means of the equivalent linear method. The
deconvoluted ground motion was then adjusted to a uniform hazard response
spectrum for the area, for a return period 7= 500 years (CFE 2015), using a
spectral matching technique (Abrahamson, 1992). This procedure yielded a
realistic higher intensity record (Abrahamson, 1992; Alatik & Abrahamson,
2010). Figure 4 shows the uniform hazard spectrum from the adjusted record.
The latter complies with the minimum requirements established by local
recommendations for site response analyses (CUCEI, 1997).
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Figure 4. Uniform hazard spectrum (7, = 500 years) and spectrum from the
adjusted record.

The derived seismic record was prescribed at the base of the numerical
model through a compliant base. The latter is based on the use of independent
dashpots in the normal and shear directions which provide adequate means
to absorb waves approaching the boundary (Lysmer & Kuhlemeyer, 1969).
Nevertheless, since the boundary needs to move freely to absorb incoming
waves, the input motion cannot be prescribed as an acceleration (or velocity, or
displacement) time history. Therefore, the seismic record was prescribed as a
shear stress history derived as follow (Mejia & Dawson, 2006):

z(t)=2pVi,(t) 3)

where ¢ is the time and 4, is the horizontal particle velocity of the upward
propagating motion. The factor of two in Eq. (3) is because half of the stress is
absorbed by the viscous dashpots. Furthermore, in order to reduce computation
times, only the intense part of the record was used. The latter was defined as
the time window between 5 and 95% of the cumulative Arias intensity (Arias,
1970). Figures 5 and 6 show the Arias intensity from the input seismic record
and the input motion in terms of shear stresses respectively, where the adopted
time window is indicated.
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Figure 5. Arias intensity from the input seismic record and employed time window.
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Figure 6. Input motion in terms of shear stress and employed time window.

2.3. Model setup

Three-dimensional dynamic finite-difference analyses were performed in
FLAC to simulate the seismic site response, through which different damping
schemes were assessed. Since only free-field conditions are considered, the
model corresponds only to a slender column of soil (4 x 4 m at the base) with
appropriate boundary conditions to account for the semi-infinite nature of the
ground. As mentioned earlier, a compliant base was adopted for the lower
boundary where the input motion is prescribed as a shear stress history. At
the lateral boundaries, free-field conditions were employed. They involved
the execution of free-field calculations, in parallel with the main grid analysis,
where unbalanced forces are applied to the main grid forcing the free-field
motion at the boundary (Itasca Consulting Group, 2012). Figure 7 shows the
implemented finite-difference model in FLAC.
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Shear Damping
Layer modulus G ratio £

(kPa) (%)

1 62,800 2.8

2 150,000 3.2

3 170,000 4.2

4 198,800 4.4

5 377,000 3.2

6 573,000 2.6

¥ 841,000 22

Quiet boundary
(compliant base)

Figure 7. Numerical model in FLAC and degraded parameters adopted from
SHAKE.

The site response analysis with SHAKE is assumed as the reference
surface ground motion response. The nonlinear behaviour of the soil is
incorporated in SHAKE through the equivalent linear method, by iteratively
reducing the stiffness and increasing the critical damping ratio as a function
of the maximum strains attained in each iteration, according to given modulus
degradation and damping relationships (Figure 3). Since an analogous response
is sought with FLAC, a linear elastic constitutive model was adopted for the
soil layers, characterised by the degraded stiffness from the SHAKE analysis,
in accordance with the level of deformation induced by the input motion.
Degraded parameters are shown in Figure 7. The selection of the damping
parameters for the local and Rayleigh damping schemes, in the stratified soil
deposit considered, is investigated later. In the case of the hysteretic damping
models, they already account for the stiffness degradation and damping increase
with deformation. Therefore, the material is characterised by the initial small
strain modulus and a given modulus G, degradation curve.

3. Results

Results obtained from the analyses are presented in the following
sections. They are organised in terms of the adopted damping approach. In each
section, a brief description of the corresponding damping formulation is first
provided. For further details on the damping formulations, the reader is referred
to Itasca Consulting Group (2012).

3.1. Local damping

Local damping formulation in FLAC operates by adding or subtracting
mass from the grid points at certain times during oscillation, but in a way that
the overall mass of the domain remains constant. Mass is added when velocity
changes direction and subtracted when it passes a maximum or minimum point,
thus removing kinetic energy (Itasca Consulting Group, 2012). Unlike Rayleigh
formulation, local damping is frequency-independent. It is characterised by a
local damping coefficient o, which is related to the critical damping ratio § as

a, =& “

As previously mentioned, § corresponds here to the value obtained at the
last iteration of the SHAKE analysis (see Figure 7).

Figure 8 compares the surface response spectrum obtained from FLAC
to the spectrum from the site response analysis in SHAKE. As previously
identified (Vieira et al., 2006; Manica et al., 2014; Verrucci et al., 2022), local
damping tends to underdamp the response for high-frequency components and
may introduce high-frequency noise (Itasca Consulting Group, 2012). The latter
resulted in higher spectral ordinates in FLAC (up to 45.7%) for periods lower
than 0.25 s. For larger periods, FLAC was able to mimic almost exactly the
response spectra obtained with SHAKE. Figure 9 shows maximum values of
accelerations, shear stresses, and shear strains in-depth. Maximum accelerations
in FLAC are noticeably larger with respect to SHAKE, with the largest increase
of about 47% occurring at the surface. On the other hand, shear stress and strain
distributions are similar in both analyses. These results are consistent with those
obtained by Manica et al. (2014) for a homogenous soil deposit.
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Figure 8. Surface response spectra from SHAKE and from FLAC using local
damping.
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Figure 9. Maximum in-depth response parameters from SHAKE and from FLAC using local damping.

3.2. Rayleigh damping

Rayleigh damping is a viscous form of damping proportional to a linear
combination of the mass and stiffness of the system. It is usually expressed in
matrix form as

C=aM+ K )

where C is the damping matrix, m is the mass matrix, K is the stiffness matrix,
and o and P are the mass- and stiffness-proportional damping constants
respectively. This form of damping is frequency-dependent, and the critical
damping ratio is a function of the damping constants as follows:

‘f(w)%(%”} wj ©)

where @ = 2nfis the angular frequency and is f the frequency in Hertz. The
effect of o and 8 on & is shown in Figure 10, where Eq. (6) is plotted for only the
stiffness-proportional term (i.e. a = 0), only the mass-proportional term (i.e.
B =0), and the combination of both. The mass-proportional term is dominant
for low-frequency values while the stiffness-proportional term prevails at higher
frequencies. Unlike the frequency-independent local damping, the selection of
the damping constants is not a trivial task. One alternative is to solve Eq. (6)
for two target frequencies and their corresponding damping values (Bentley
Systems, 2020):
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Figure 10. Variation of the critical damping ratio as a function of the angular
frequency.

The target damping ratios can be assumed equal and target frequencies
chosen in terms of the vibration modes of the soil deposit and the input motion.
For instance, Hudson et al. (1994) and Hashash & Park (2002) suggest selecting
o, as the first natural frequency of the soil deposit and w, as the predominant
frequency of the input motion. Another alternative is obtained by noting that
Eq. (6) has an approximately frequency-independent zone around the minimum
value (see Figure 10). For given values of § . and o, , corresponding to the
coordinates of the minimum point of Eq. (6), damping constants are given by

O =8 O ©)

Smin

,

(10)

B=
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However, o , depends on neither the natural frequency of the soil deposit
nor on the predominant frequency of the input motion, but on a combination
of both (Manica et al., 2014). When the free-field motion in FLAC is being
calibrated for a reference site response, as is the case here, Manica et al. (2014)
proposed a calibration procedure to select o . that minimises the differences
between the obtained and reference surface response spectra. Particularly, the
minimised variable is the residual sum of squares (RSS) between both spectra.
Verrucci et al. (2022) also studied different approaches for the selection of
o . and & . to reproduce a given target free-field response. However, in both
studies, a homogeneous soil deposit was considered. In the case of stratified
soil deposits, it is not clear if a single value of @ . for all layers, each of them
with different damping ratios, will provide a reasonable approximation. The
latter was evaluated in the present research. Figure 11 shows the variation of
the RSS between the surface response spectra from SHAKE and FLAC for
different values of @ ;. The damping ratios & ; correspond to those derived
from SHAKE for each layer (see Figure 7). It can be observed that RSS is
minimised for £ . =4 Hz (i.e. o , = 25.13). Figure 12 shows the obtained
surface response spectra, where a reasonable agreement can be noticed.
The response is somewhat overdamped for periods lower than 0.15 s and
the maximum acceleration was not quite reached, although differences are
relatively modest (between 4 and 28%). Those differences arise by the fact that
each layer might oscillate at frequencies outside the approximately frequency-
independent region around o_, , overdamping somewhat the response.
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Figure 12. Surface response spectra from SHAKE and from FLAC using Rayleigh
damping with /. =4 Hz.

An additional approach to determine f . was also evaluated for each
layer. It is based on the selection of a central frequency Q according to the
following equation (Vanmarcke, 1972):

221 12
@ [z] (1)

where A, and A, are the 2™ and 0" moments of the spectral density of the
acceleration of layer 7. Q can be interpreted as the frequency where the centroid
of the power spectral density is located and, therefore, where the most energy
is concentrated.

Table 1 shows the central frequencies estimated from the acceleration
histories, for each layer, from the site response analysis in SHAKE. These
frequencies, along with their corresponding damping ratios (also given in
Table 1), were applied to each layer of the FLAC model. The resulting surface
response spectrum is shown in Figure 13. Again, a very good agreement with
respect to SHAKE can be noticed. As in Figure 12, the response is slightly
overdamped for frequencies lower than 0.15 s, although the maximum spectral
ordinate was accurately reproduced. Figure 14 shows maximum values of
accelerations, shear stresses, and shear strains in-depth. These results agree
quite well with those obtained with SHAKE and, it can therefore be said that an
equivalent response was obtained.

Table 1. Critical damping ratios and central frequencies using Rayleigh damping.

Soil layer Critical damping ratio Central frequency
(%) (Hz)

1 2.8 2.78

2 32 2.39

3 4.2 2.28

4 43 2.47

5 32 3.00

6 2.6 3.07

7 22 293
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Figure 13. Surface response spectra from SHAKE and from FLAC using Rayleigh
damping with . = Q.
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Figure 14. Maximum in-depth response parameters from SHAKE and from FLAC using Rayleigh damping with f . =Q.

3.3. Hysteretic damping

Hysteretic damping in FLAC directly incorporates stiffness degradation
with deformation and its corresponding energy dissipation. The incremental
shear modulus in a nonlinear simulation is given by G M, , where M, is the
normalised tangent modulus defined as

_d?_MﬁydM
dy

M,=—=
dy

: (12)

where 7 is the normalised shear stress (7 = 1/G,), v is the shear strain, and
M_ is the strain-dependent normalised secant modulus. The generalisation of
strain amplitude and reversal points, to account for two- and three-dimensional
strain paths, as well as the rules to define the behaviour at reversal points, are
given in Itasca Consulting Group (2012). M, must be specified as a continuous
function and, therefore, FLAC provides a number of hysteresis models to fit
given modulus degradation data. Three different models were assessed in this
research: default, Hardin, and sigmoidal3 which are characterised by Eq. (13),
(14), and (15) respectively.

2
M :[Lz 710&07] ‘:3_2(Lz_10g107):|

’ Lz _L1 Lz _Ll

(13)

2 (14)

M = a

s 1+exp[77(logm i )]

b (15)

where L, L,, v, a b, and x_are fitting parameters.

The default, Hardin, and sigmoidal3 models were employed to adjust as
closely as possible the modulus reduction curve adopted (Figure 3). Calibration
results and parameters employed are shown in Figure 15a and Table 2
respectively. Although an excellent agreement can be achieved regarding the
modulus reduction curve, damping ratios (15b) from the resulting hysteresis
loops are significantly overestimated for strain amplitudes larger than 0.03%.
The latter has been previously reported in the literature (Wang et al., 2008;
Manica et al., 2014). Wang et al. (2008) implemented a generalised Masin
rule that prevents this damping overestimation. Here, the original hysteretic
damping models in FLAC were adopted but, as suggested by Manica et al.
(2014), a trade-off was made in the adjustment of the modulus degradation
data by simultaneously calibrating also the damping curve. This calibration
procedure focused on the parameters controlling the rate of reduction of the
secant modulus, corresponding to L, 7, ., and x for the default, Hardin, and
sigmoidal3 models respectively. These parameters were varied iteratively,
and we selected those minimising the combined relative error between both
the resulting modulus degradation and damping curves with respect to those
in Figure 3. Nevertheless, this procedure was not carried out for the whole
data set, but for strain amplitude values between 0.001 and 0.1%, which cover
the expected values induced by the input motion (see Figure 9). The error
variation and the parameters selected for each model are shown in Figure 16.
Figure 17 shows the resulting modulus degradation and damping relationship.
A reasonable agreement is now achieved for both curves, with all considered
models, for the range of strains considered.
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The surface response spectra obtained with the adjusted parameters are
compared with the spectrum from SHAKE in Figure 18. Differences between
the different hysteretic models are quite small, and they are all in very good
agreement with the results from SHAKE. The same conclusions can be
drawn with respect to the maximum in-depth variables shown in Figure 19.
These conclusions are somewhat different to those obtained by Manica et al.
(2014), where the largest differences with respect to the reference SHAKE
analysis were found for hysteretic damping. Nevertheless, Manica et al.
(2014) mentioned that the possible source of underperformance for hysteretic
damping was a high stiffness contrast occurring in the studied case, which does
not occur here. However, in the case of earthquakes inducing larger strains,
the zone where damping is considerably overestimated (Figure 15b) can be
reached, attenuating the response of the system. For instance, the latter could
explain the severe underestimation of the recorded spectral accelerations in the
simulation of a rockfill dam by Miglio et al. (2008), where hysteric damping, in
combination with a Mohr-Coulomb yield envelope, was adopted.
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Figure 18. Surface response spectra from SHAKE and from FLAC using different
hysteretic damping models.
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4. Conclusions

In this paper, the local, Rayleigh, and hysteretic damping formulations in
FLAC were assessed to emulate results from the equivalent linear method to be
used for dynamic soil-structure interaction simulations. A main feature of the
analyses is that they consider a site having a considerably stratified soil deposit.
From the results obtained, the following conclusions can be drawn:

. As previously identified, local damping tends to underestimate
damping for low periods; in this case lower than 0.25 s. This is also
noticeable in the in-depth distribution of maximum accelerations,
where considerably larger values, compared to the equivalent linear
method, were obtained. The largest acceleration overestimation
occurs at the ground surface. For larger periods, a very good
agreement was obtained. In-depth shear stresses and strains are
not significantly affected by the underestimation of damping and
similar values than SHAKE were obtained.

. In the case of Rayleigh damping, the operating critical damping
ratio is a function of the excitation frequency and, therefore,
obtaining an analogous response to the equivalent method is not
a trivial task. A reasonable agreement of the surface response
was obtained following the procedure from Manica et al. (2014),
where asingle f . value is adopted for all soil layers. An additional
approach was also explored to determine f . for each individual
layer (Vanmarcke, 1972) in terms of the spectral density of the
acceleration history of the corresponding layer. Results show a
very good agreement both in terms of surface response spectra and
maximum in-depth accelerations, shear stresses, and shear strains.
Nevertheless, the methodology implies additional effort in the
computation of each f . value.

. Three different hysteretic models, available in FLAC, were also
assessed in this work. As previously identified, if the modulus
degradation curve is adjusted in the best possible way, this results
in a significant overestimation of the critical damping ratios. A
trade-off has to be made by adjusting the model parameters to
reduce differences with the adopted data simultaneously in both the
modulus degradation and damping curves for the range of strains
of interest. The latter resulted in a very good agreement with the
response from SHAKE, both in terms of the surface response
spectra and in-depth maximum variables.

*  For the conditions studied here, the best match with respect to the
equivalent linear method was attained with an elastic analysis, using
the Rayleigh damping formulation to account for energy dissipation
in the soil, and with the hysteretic damping formulation. Although
these approaches can reasonably characterise the dynamic response
of the ground in soil-structure interaction analyses, they should not
be used for assessing dynamic stability conditions, unless they are
combined with a given failure criterion.

Finally, it is important to stress the fact that, although dynamic numerical
simulations that can reproduce an analogous response to one-dimensional
equivalent linear analysis are still of great value to practical engineering,
a considerable effort must be directed to the use and validation of advanced
constitutive models, for dynamic numerical simulations, able to reproduce
more closely the observed behaviour of soils including phenomena such as
yielding, accumulation of plastic deformations, hardening/softening, inherent
and induced anisotropy, or viscous effects, among others.
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