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Abstract: The first step for learning any calculation code for seismic response analysis is an adequate
understanding of how to properly set the boundary conditions and the properties of the soil model
at the initial stage, i.e., before the shaking event. To pursue this aim, nine different computer codes
suitable for seismic response analyses of soil profiles have been reviewed. An ideal twenty-meter soil
column with visco-elastic linear behavior, subjected to a pulse-like input motion, has been reproduced
with the different codes with the scope to practically show the differences and peculiarities of each
of them. In the definition of the soil properties in the small-strain range, special attention has been
devoted to the definition of the damping ratio, usually defined in non-linear codes as viscous damping
according to the Rayleigh formulation. This simple one-dimensional exercise has been considered
as a useful benchmark for verifying the rightness of the application of the boundary conditions and
setting the initial soil properties. The same analysis can be easily reproduced by beginner users and,
therefore, constitutes a starting point in the learning phase of new and/or more sophisticated 2D and
3D calculation codes for seismic site response analysis.

Keywords: seismic response analysis; 1D soil column; Rayleigh damping; boundary; FLAC; PLAXIS;
Strata; DEEPSOIL; QUAKE/W; Cyclic1D; FLAC3D

1. Introduction

Site effects observed after strong earthquakes are ascribed to the phenomena of amplifi-
cation of ground motions due to local soil conditions, both stratigraphic and morphological,
superficial and buried. The assessment of these site effects, carried out through Site Re-
sponse Analyses (SRA) able to predict the ground surface motion, can be aimed both to
design/solve problems at the scale of the single structure [1–3], and to support studies at a
large scale [4–6] such as, for example, the third level seismic microzonation [7,8].

Seismic Response Analyses are furtherly used to evaluate dynamic stresses and strains
for evaluation of liquefaction hazards, soil-structure interaction problems including both
shallow and underground structures and to determine the earthquake-induced forces that
can lead to instability of slope and earth-retaining structures [9,10].

The execution of SRA requires the support of appropriate computer codes, the knowl-
edge and correct use of which are important prerequisites for ensuring the reliability of
the results. The recent trend to execute always more sophisticated and complex dynamic
analyses, inside artificial neural networks (or machine learning techniques in general) and
to generate huge datasets of simulations, furtherly exacerbates the need for full control on
the adopted models and codes.

Several techniques for SRA have been developed over the years. The techniques are
often grouped according to the dimensionality of the problems they can address, although
many of the two- (2D) and three-dimensional (3D) techniques are relatively straightforward
extensions of corresponding one-dimensional (1D) techniques [9].

Regarding the methods for performing the SRA, two main groups can be identified:
(1) total stress analysis and (2) effective stress analysis [11]. The former can reproduce the
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hysteretic soil behavior, i.e., a decrease in the shear modulus associated with an increase in
energy dissipation (damping) as the mobilized shear strain level increases. The latter has
the additional capability to consider the volumetric-distortional coupling of saturated soils
at large strains, i.e., the plastic irreversible strain that induces pore pressure changes under
undrained conditions.

Within the total stress analysis framework, the pioneering method approximates the
actual nonlinear hysteretic stress-strain behavior of cyclically loaded soils by equivalent
linear soil properties (1.1). This philosophy is implemented in the “equivalent linear”
codes which operate in the frequency domain through Transfer Functions. Afterward, (1.2)
“non-linear” methods solve the ground motion equations in the time domain [12]. The use
of equivalent linear methods is realistic for low and medium cyclic strains, while the use of
non-linear methods is preferable in the higher strain range [13–15].

Within the effective stress analysis framework, two approaches are distinguished to
predict earthquake-induced pore pressures [16,17]:

In (2.1), a “loosely coupled” approach predicts pore pressures by adopting relation-
ships used in combination with constitutive models formulated in total stress (e.g., pore
pressure prediction based on accumulated strains or stresses), and in (2.2) a “fully cou-
pled” approach uses a constitutive model formulated directly in effective stress to predict
both the stress-strain and the pore pressure response of the soil. In this category, many
plasticity-based constitutive models are included.

In this study, nine different computer codes are adopted for simulating the seismic
response of an ideal visco-elastic soil column subjected to a simple signal, assumed as the
reference case. The simplicity of the pilot analysis is intentionally chosen to isolate the
effects of the boundary conditions and to allow the comparison of codes that are intrinsically
different for geometrical dimensions, boundary conditions, constitutive soil models, and
calculation algorithms.

Besides, the modeling of the soil behavior as a visco-elastic linear material is represen-
tative of the initial (pre-shaking) condition of the soil at the small strain range. This initial
state is easily reproduced in equivalent linear codes, but it could be poorly predicted in
advanced constitutive models calibrated to properly simulate the soil behavior around
the failure, e.g., for liquefaction problems. Particular attention is then devoted to the
modeling of the small-strain damping ratio in non-linear codes; mispredictions can be often
attributed to mistakes in the definition of the input data to assign in the Rayleigh damping
formulation [18].

In this review study, 1D computer codes with an equivalent linear approach in the
frequency domain are used as a reference and compared to non-linear codes in the time
domain with increasing dimensionality (1D, 2D and 3D).

The comparison among the simulations is aimed at highlighting, step-by-step, the
differences and peculiarities of the considered codes in the definition of the geometric
scheme, small-strain soil properties and application of the boundary conditions, including
the definition of the reference input motion as a function of the seismic bedrock model.

Section 2 presents and categorizes the considered computer codes by showing a brief
description to highlight the main features and capabilities. Section 3 describes the simple
exercise used as a pretext to practically show the main steps to perform a SRA and how
these steps can be concretized in the different codes. The step-by-step procedure for SRA
is detailed in Section 4, while the results are compared in Section 5. Discussion of the
findings and related implications are reported in Section 6, while conclusions are finalized
in Section 7.

2. Adopted Computer Codes

The nine computer codes considered in this pilot analysis are listed in Table 1.
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Table 1. Adopted computer codes and related capabilities for seismic response analysis.

Geometry Code Reference
Total Stress Effective Stress

Equivalent
Linear

Non-
Linear

Loosely
Coupled Fully Coupled

1D EERA [19] X
Strata [20] X

DEEPSOIL [21] X X X
SCOSSA [16,22] X X
Cyclic1D [23] X

2D Quake/W [24] X X X
PLAXIS [25] X X
FLAC [26] X X X

3D FLAC3D [27] X X X

The first five codes perform the analysis in one-dimensional conditions, while the re-
maining are among the most popular codes for 2D and 3D SRA used in professional practice.

The codes are listed according to an increasing level of complexity.
EERA stands for ‘Equivalent-linear Earthquake Response Analysis’, and is an imple-

mentation of the well-known concepts of equivalent linear earthquake SRA [19]. Input and
output of the codes are fully integrated with the Excel program. It collects the inheritance of
one of the first computer programs developed for this purpose in geotechnical earthquake
engineering, called SHAKE.

Strata performs equivalent-linear SRA in the frequency domain, using input time
series or random vibration theory (RVT) methods, and allows for randomization of the
site properties [20]. STRATA is an open-source code and has a user-friendly interface.
Both peculiarities are among the main reasons for its great popularity.

DEEPSOIL is a one-dimensional SRA program that can perform both equivalent linear
frequency domain analyses, including convolution and deconvolution, as well as nonlinear
time-domain analyses [21]. In this latter case, total and effective stress analyses are possible
thanks to several modified hyperbolic [28] and pore water pressure generation models [29].
DEEPSOIL provides a large variety of simplified pore water pressure models which allow
effective stress analyses according to a loosely coupled approach [12]. Dissipation and
redistribution of excess pore water pressure along the soil column can also be activated
after the permeability of the bottom and upper boundaries are defined. DEEPSOIL is also
an open-source code, probably the most used program for 1D SRA due to the flexibility of
the available methods and models.

‘Seismic Computer code for Stick-Slip Analysis’ (SCOSSA) was originally written
for predicting the permanent displacements of deformable soil structures (dams, dykes,
landfills and so on) or natural slopes in 1D conditions subjected to seismic loading [22].
The shear failure was modeled through plastic sliders activating when the limit shear
strength is reached. The code models the transient response of the soil profile as a system of
consistent lumped masses, connected by viscous dampers and springs with hysteretic non-
linear behavior, similar to DEEPSOIL. The viscous damping matrix is defined according to
the full Rayleigh formulation. The non-linear hysteretic soil response is described by the
modified hyperbolic model and extended Masing rules. The code performs a non-linear
SRA by solving the dynamic equilibrium equations of the soil column in the time domain.
In the most recent version, a stress-based pore water pressure model is implemented to
carry out 1D effective stress analysis according to a loosely coupled approach in undrained
or partially drained conditions [30–32].

Cyclic1D is an open-source non-linear Finite Element Method (FEM) program for
1D SRA [23]. The program operates in the time domain and was written to study the
liquefaction problem, i.e., fully coupled effective stress analyses [33,34]. The adopted
advanced constitutive model is developed within the framework of the multi-yield-surface
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plasticity. Loading–unloading flow rules were devised to reproduce the strong dilation
tendency and the resulting increase in cyclic shear stiffness and strength (Cyclic Mobility
mechanism). It is worth highlighting that the soil dilation is not modeled in the loosely
coupled approach, where only residual excess pore water pressure can be predicted.

Cyclic1D has the particularity to explore the response of a level ground site or to
investigate the response of a mildly inclined infinite-slope site.

QUAKE/W is a two-dimensional Finite Element computer code used for the dynamic
analysis of earth structures subjected to dynamic loading [24]. It is the dynamic module of
the GeoStudio software, and it is, consequently, fully integrated with the other components
of the same package, such as SLOPE/W [35] and SEEP/W [36]. The soil behavior can
be modeled according to the equivalent linear or non-linear approach, where in the last
case a simplified pore water pressure function can also be activated for carrying out an
effective stress analysis [37]. QUAKE/W is a commercial computer program that requires
the purchase of a license to be used.

PLAXIS is a 2D Finite Element program, developed for the analysis of deformation,
stability, and groundwater flow in geotechnical engineering [25]. This commercial code,
originally born to develop an easy-to-use 2D finite element code for the analysis of river
embankments on the soft soils of the lowlands of Holland, can investigate many geotech-
nical problems, not necessarily involving seismic conditions. In the framework of the
dynamic analyses, non-linear analyses can be performed in total or effective stress by
adopting several constitutive models [38]. Some of the advanced constitutive models for
fully coupled effective stress analyses were recently implemented [39,40].

Fast Lagrangian Analysis of Continua (FLAC) is a 2D Finite Difference program for
studying geotechnical engineering problems [26]. This commercial code can perform non-
linear dynamic analysis in total and effective stress according to a loosely coupled [41] or
fully coupled approach [39,42–44]. The advanced constitutive models for the fully coupled
analyses are considered User Defined Models, and several plasticity-based models are
available [45].

FLAC3D is the 3D version of the original two-dimensional finite difference code
FLAC, where both total and effective stress [46–48] analysis in the time domain can be
performed [27].

Further details about the considered codes can be found in the specific manuals and
publications referenced for each computer program.

3. Ideal Soil Model

The considered ideal model consists of a 20 m column of homogeneous soil assumed
with a linear visco-elastic behavior (Figure 1a).

The soil is characterized by a unit weight equal to 20 kN/m3 and a shear wave
velocity, VS, equal to 200 m/s, constant with the depth. The dissipative behavior of the
soil is described by a damping ratio, D, equal to 0.75%. This layer of deformable material
overlying a rock half-space is assumed as a seismic bedrock, characterized by a unit weight
equal to 22 kN/m3, a shear wave velocity, VS, equal to 800 m/s and a damping ratio equal
to 0.5%.

The soil profile is subjected to an impulsive loading, similar to a Ricker-β wavelet type
waveform, which is assumed to be recorded on a hypothetical rigid outcrop rock (outcrop
motion), characterized by a Peak Ground Acceleration, PGA, equal at 0.4 g (Figure 1b)
and centered on a frequency of about 3 Hz (Figure 1c), close to the natural frequency of
vibration of the soil column, which is 2.5 Hz.
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Figure 1. The ideal case considered in the analysis: Soil stratigraphy and shear wave velocity as a
function of the depth (a); Reference seismic input on outcropping rock in terms of the time history
of acceleration (the PGA attained is highlighted with a symbol) (b) and the Fourier amplitude
spectrum (c).

4. Numerical Model

Steps for defining the numerical model are detailed in the following subsections.
The starting point is the identification of the analysis domain and discretization in subparts,
depending on the soil properties and frequency content of the input motion [49]. Then, soil
properties need to be defined, and the calculation of the initial effective stress state (static
phase) is requested in some cases. Referring to the case of using codes based on 2D and 3D
schemes, lateral boundary conditions need to be changed from static to dynamic phase to
simulate the 1D propagation phenomena of S-waves. Finally, the input motion application
is a function of the way the seismic bedrock is modeled, which can be deformable or rigid.
In this latter hypothesis, the properties of the bedrock are not used in the analysis, but they
are implicitly taken into account in the applied input motion [50,51].

The different steps are illustrated with specific application to the ideal profile of the
previous Section 3, to better clarify any concept with a practical application.

4.1. Geometry and Discretization

One-dimensional SRA is based on the assumption that all boundaries are horizontal,
and that the response of a soil deposit is predominantly caused by SH-waves propagating
vertically from the underlying bedrock.

In one-dimensional ground response analysis, the soil is assumed to extend infinitely
in the horizontal direction, while the bedrock is assumed to be a semi-infinite half-space.
As a consequence, in the 1D codes, the definition of the geometric scheme is reduced to the
identification of the deformable soil (i.e., depth of the seismic bedrock) and the discretization
of the soil column in a finite number of sublayers. The maximum thickness of each sublayer
is derived from the application of the [52] criterion. This criterion recommended that the
minimum wavelength that propagates along the soil column should be discretized in at
least 8 parts, to correctly track the horizontal displacements of the soil profile. The minimum
wavelength is defined as the ratio between the shear wave velocity of the soil layer and the
maximum frequency of the applied input motion. Assuming that the maximum frequency
of the recorded seismic events is generally 25 Hz or less, and soft soils have a VS in the
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range 100 ÷ 200 m/s, the sublayer thickness consequently is usually adopted to be 0.5 or
1 m.

The considered 1D codes, except for EERA, can internally discretize the profile after
the definition of the criteria; a manual operation is also allowed.

For the two-dimensional codes, QUAKE/W, FLAC, and PLAXIS, and the three-
dimensional code, FLAC3D, it was necessary to define the dimensions of the analysis
domain, depending on the choice to include (or not) the seismic bedrock.

Seismic Bedrock Modeling

The choice to model the seismic bedrock as rigid or deformable has a remarkable impact
on the size of the analysis domain, boundary conditions at the base of the model and the type of
input motion to apply [51,53]. The latter two will be discussed in Sections 4.4 and 4.5, respectively.

In PLAXIS and QUAKE/W, only the column of 20 m of soil with a width of 3 m was
modeled (Figure 2a). The considered width does not influence the result since proper
boundary conditions were adopted (see Section 4.3). In this case, a rigid bedrock was
assumed in the simulations.
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Figure 2. Geometry and mesh of the analysis domain adopted in the code: (a) QUAKE/W (the
triangles along the boundaries of the soil identify the constraints applied during the static phase) and
(b) FLAC3D (the soil has a tight mesh compared to the coarse mesh of the bedrock).

On the other hand, in FLAC and FLAC3D, the analysis domain was extended to
include the seismic bedrock. In this case, the bedrock deformability is directly modeled in
the simulation. The usual practice suggests assigning a thickness of the bedrock of the same
order of magnitude as the overlying deformable layer [50,54,55]. In the specific case, the
analysis domain in FLAC has dimensions of 1 × 40 m and consists of 20 m of soil resting
on 20 m of bedrock. Similarly, in FLAC3D, the dimensions are 1 × 1 × 40 m (Figure 2b).

For the two-dimensional codes, QUAKE/W, FLAC and PLAXIS, the analysis domain
is discretized in elements, sometimes called zones, which are quadrangular for the first two
codes and triangular for the last. In FLAC3D, rectangular parallelepipeds (brick elements)
were used (Figure 2b). The grid of nodes and elements in which the analysis domain is
divided is called mesh. The size of the mesh in the wave propagation direction should
respect the criteria proposed by [52].
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4.2. Soil Properties

For defining the properties of the materials, both formations have been schematized
as homogeneous, isotropic materials with linear viscoelastic behavior. The soil parameters
assumed in the model are the unit weight, γ, the velocity of propagation of the shear waves,
VS and the damping ratio, D, as listed in Figure 1.

In the 1D codes, the bedrock was modeled as a deformable half-space; consequently,
the shear modulus and the damping ratio of the seismic bedrock were introduced in the
analysis. Similarly, for FLAC and FLAC3D, while in QUAKE/W and PLAXIS the properties
of the bedrock are not used in the analysis, they are implicitly taken into account in the
applied input motion (see Section 4.5).

For the two- and three-dimensional codes, the definition of the Poisson’s ratio, ν, is
also required, which was assumed to be 0.45, close to the value assigned in the case of
incompressible material.

Rayleigh Damping Formulation

In computational codes that operate in the time domain, viscous damping needs to be
assigned because the linear stress-strain relationship assumed for the soil produces shear
stress-strain loops with no hysteretic damping.

The full Rayleigh damping formulation provides the viscous damping matrix as a
result of the linear combination between the mass matrix and the stiffness matrix:

[C] = α [M] + β [K] (1)

where α and β are the Rayleigh coefficients. [56,57] shows that the modal damping ratio,
ξi, for the j-th mode is:

ξi =
α

4 π fi
+ β πfi (2)

where fi is the frequency of the j-th mode. Figure 3 shows the Rayleigh damping curve
expressed by Equation (2) overlapped to the Fourier amplitude spectrum of the consid-
ered motion.
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Determination of the α and β coefficients can be obtained with two approaches, the
first using a single control frequency, f*, and the second using two control frequencies, f1
and f2 [58,59].
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The Rayleigh formulation is implemented according to a single frequency control
approach in FLAC and FLAC3D, and according to a double frequency control approach in
all the other non-linear codes.

The final goal in the definition of the Rayleigh damping curve is to set the viscous
damping ratio as close as possible to the small strain damping ratio, D, of the soil.

In the double frequency control approach, the lower frequency, f1, is usually set equal
to the natural vibration frequency of the soil column (2.5 Hz in this case), while the higher
one, f2, is a multiplier of f1 [51]. In DEEPSOIL, a multiplier equal to 5 is recommended,
while 3 is suggested in [12]. In SCOSSA, f2 is the multiplier of the natural frequency which
rounds down the predominant frequency of the input motion. QUAKE/W computes the
Rayleigh damping coefficients by using the lowest and the second-lowest frequencies of
the soil column. In Cyclic1D, the α and β Rayleigh coefficients are denominated Am and
Ak, respectively, to avoid confusion with some parameters of the adopted soil constitutive
model. This code also allows the possibility to assign two different values of the damping
ratio to the two control frequencies, called ξ1 and ξ2. Suggested values for ξ1 and ξ2 are
between 0.2% and 20%.

In correspondence of the two control frequencies, f1 and f2, a damping ratio equal
to the small strain damping ratio, D, of the soil is imposed (Figure 3). Consequently, by
imposing these two conditions into Equation (2), the α and β Rayleigh coefficients can be
obtained as:

α =
D

π (f1 + f2)
; β =

4 π Df1f2

f1 + f2
(3)

In the single frequency approach, implemented in FLAC and FLAC3D, the minimum
modal damping ratio, ξ*, of the Rayleigh curve and correspondent frequency, f*, need to
be assigned. To use the same curve of Figure 3, the calculation of ξ* and f* can be still
performed as a function of the two previously defined frequencies. In detail, by searching
the minimum of the Rayleigh curve, dξ/df = 0, the f* value can be obtained, while ξ* can
be then computed from Equation (2), as follows:

f∗ =
√

α

4π2β
=

√
f1f2; ξ∗ =

2D
√

f1f2

(f1 + f2)
(4)

Table 2 summarized the parameters of the Rayleigh damping formulation for the
considered case (Figure 3), by showing also the variables requested as input in the different
non-linear codes.

Table 2. Parameters of the Rayleigh damping with identification of the input variables requested by
the different non-linear codes.

Non-Linear Code α β
D
(-)

f1
(Hz)

f2
(Hz)

ξ*
(-)

f*
(Hz)

0.17671 0.00024 0.0075 2.5 7.5 0.0065 4.33
DEEPSOIL X X X

SCOSSA X X X
Cyclic1D X X X * X * X *

Quake/W X X X
PLAXIS X X X * X * X *
FLAC X X

FLAC3D X X

* These parameters can be introduced alternatively to α and β.

4.3. Lateral Boundary Conditions (2D and 3D Codes Only)

2D and 3D codes required the definition of the lateral boundary conditions. During the
static phase, the displacements are prevented at the base in all the directions, while rollers
that inhibit horizontal displacements are applied laterally. Static analysis was necessary
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to set the initial effective stress of the soil model. Moving from the static to the dynamic
phase requires changing the boundary conditions.

Tie degree of freedom conditions in PLAXIS and free-field conditions in FLAC and
FLAC3D were imposed along the domain boundaries to reproduce the one-dimensional
propagation conditions, while in QUAKE/W vertical displacements were prevented during
the dynamic phase of the analysis.

It should be pointed out that, if a 2D site condition is considered, the lateral outer
boundaries of the numerical mesh should be placed far away from the area of interest [60].
Besides, the free-field condition is not applicable for axisymmetric geometry, and it can
only be applied for a plane-strain or plane-stress analysis [61].

4.4. Boundary Conditions at the Base of the Model (2D and 3D Codes Only)

At the lower edge of the domain in FLAC and FLAC3D, absorbent barriers (quiet
boundaries) have been applied, consisting of viscous dampers in both horizontal and
vertical directions, able to simulate the presence of an elastic half-space.

In the other 2D codes, it is the case that of the models implemented in QUAKE/W
and in PLAXIS, the displacements at the base of the soil column are prevented in both
directions, indirectly modeling a rigid bedrock condition.

In the most recent versions of PLAXIS [25], it is also possible to consider the deforma-
bility of the bedrock by applying a “compliant base” option, but this possibility was not
considered in this exercise.

4.5. Input Motion Application

In the 1D codes, a time history of acceleration was considered as reference input
motion. The seismic bedrock was modeled as an elastic half-space and the “outcrop
motion” [9,13,62] (Figures 1b and 4) was applied at the base of the soil column. It is worth
mentioning that a rigid bedrock can be also simulated in DEEPSOIL and SCOSSA. In this
second case, it is necessary to consider the “inside motion”, sometimes expressed as “within
motion”, which is the resulting motion between the wave train directed towards the surface
and the train of the downward reflected wave. The inside motion implicitly considers the
deformability of the bedrock since it is depending on both soil and bedrock properties.
The inside motion of the considered input signal was obtained through the EERA code [19]
in terms of the time history of acceleration. Figure 4 shows the differences between the
outcrop and inside motion, which differ in terms of both PGA and the number of cycles.
The acceleration time histories shown in the same figure refer to the analyzed case study.

Similarly, in FLAC and FLAC3D, the motion recorded on the outcropping rock (outcrop
motion) was applied to the base of the model. Conversely to the 1D codes, the dynamic
loading was applied to the base of the analysis domain as a temporal history of the shear
stress [61], because, otherwise, the application in the same points of a time history of
accelerations would have been nullified by the adsorbing quiet boundary. The applied
shear stress time history depends on the bedrock properties and the upward propagating
motion [50].

Conversely, in QUAKE/W and PLAXIS, the inside motion was applied at the base of
the soil column since a rigid bedrock was considered in the model.

Even if it was not considered in this study, the possibility exists to model a rigid
bedrock also in FLAC and FLAC3D. In this case, the bedrock is not modeled in the analysis
domain and the time history of acceleration is applied at the base. Quiet boundaries cannot
be adopted, but the vertical velocity at the base needs to be set to zero.
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Figure 4. Reference sketch for the definition of the input seismic motion: ‘outcrop motion’ of the
outcropping rock and ‘inside motion’ at the interface between the rock bedrock and the deformable
soil deposit. The time histories of acceleration show the outcrop and inside motions of the considered
ideal case (PGA highlighted with a symbol), both available in the Supplementary Material S1.

5. Results and Comparisons

The comparison between the results of the simulations is expressed in terms of profiles
of the maximum values of acceleration, shear stress and shear strain attained during the
analyses (Figure 5), as well as in terms of the time history of acceleration at the ground
level (Figure 6). As expected, when the initial and boundary conditions are correctly
set, the results show that all codes lead to the same soil column response in terms of
vertical profiles, with no appreciable differences (Figure 5). The maximum acceleration is
attained at the surface with a mean predicted value of 0.843 g and a standard deviation
of ±0.004 g. The maximum shear stress and strain are obtained at the base of the column,
with a predicted value of 198.19 ± 9.79 kPa and 0.00239 ± 0.00002, respectively.
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Figure 6. Temporal histories of the acceleration predicted at the surface of the soil column from the
analyzes carried out with the nine considered codes.

The time histories of the acceleration at the surface also show a perfect overlap among
the different analyses (Figure 6). To obtain this, it was necessary to remove the time
delay that the accelerogram resulting from the FLAC and FLAC3D analyses accumulated
compared to the other time histories; this time delay is equal to the time that the wave
needs to propagate along the 20 m of the seismic bedrock, i.e., for the base of the model to
the roof of the bedrock (t = Hbedrock/VS, bed = 20 m/800 m/s = 0.025 s).

6. Discussion

The proposed ideal soil model is the simplest dynamic analysis that can be conceived.
It can be used as the starting reference in many of the most complicated tasks. Just to
provide some practical examples, it can be the benchmark to verify the capability of a
calibrated advanced constitutive model to properly simulate soil behavior in the small
strain range. Indeed, if the input motion (Figure 1b, Supplementary Material S1) is scaled
to a low value of PGA (e.g., PGAinput = 0.05 g), a weak motion event can be defined.
The response of a soil column modeled with an advanced constitutive model under the
weak motion excitation should be still linear because the soil model is working in the small
strain range. From a pragmatic perspective, the soil response should follow the results
reported in Figure 7 (available in the Supplementary Material S2), where the accelerations
are normalized to the PGA of the input, PGAinput (Figure 1b).

Another example of utility can be to reproduce the ideal model to properly set the
boundary conditions in a new code or a code that someone is going to use for the first
time. Especially for the input motion application and adsorbing boundaries, different codes
have different options, so this is the simplest case to be used to check the rightness of
the assumptions.

This simple exercise can be also considered as the first step of a series of comparisons
moving from the elastic soil behavior, i.e., small-strain range, to the high non-linearity, i.e.,
high-strain range.
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Figure 7. Normalized results: (a) profile of maximum acceleration as a function of the depth and
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7. Conclusions

This study aimed to review the application of the boundary conditions and modeling
of the initial small-strain soil behavior in some of the most popular computer codes adopted
for SRA.

A checklist with all the steps to perform the analysis is provided and detailed for each
of the nine computer codes considered in this review.

In this process, a critical point is represented by the modeling of the seismic bedrock
and consequent input motion application. On one hand, the rigid model case has the great
advantage to limit the analysis domain to analyze and consequently reducing the computa-
tion time [63,64]. On the other hand, the rigid bedrock requires an inside motion, rarely
available (e.g., records of a downhole array), or not easy to define (e.g., deconvolution).
The majority of the recorded seismic events are related to outcropping conditions (outcrop
motion) because the recorded stations are largely located at the ground surface. In these
cases, the deformability of the bedrock needs to be addressed.

Another critical aspect is usually constituted by the viscous damping modeled ac-
cording to the Rayleigh formulation in many non-linear codes. A unified symbology has
been used to describe the different approaches and provide a general framework for the
definition of the input parameters.

Further steps in the analysis are the geometry, i.e., definition and discretization of the
analysis domain, boundary condition and soil properties.

These initial steps in the simulation of the soil response under seismic conditions need
to be carefully performed and checked to avoid inconsistencies and mistakes in the results.
Therefore, this extremely simplified exercise constitutes the first step in the understanding
and adequate learning of any calculation code for seismic response analysis. In this way, the
illustrated case may be useful in the learning phase of new and/or more sophisticated com-
putational codes for seismic response analysis in two- and three-dimensional conditions.

Finally, this review is considered a simple but powerful tool to contribute to the
widespread of the basic concepts for SRA in routine professional applications.
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