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Abstract: Soil-structure interaction (SSI) effects are typically neglected for relatively lightweight
buildings that are less than two-three storeys high with a limited footprint area and resting on
shallow foundations (i.e., not featuring a basement). However, when the above conditions are not
satisfied, and in particular when large basements are present, important kinematic SSI may develop,
causing the foundation-level motion to deviate from the free-field one due to embedment effects. In
the literature, transfer function models that estimate the filtering effect induced by rigid massless
embedded foundations are available to “transform” foundation-level recordings into free-field ones,
and vice-versa. This work describes therefore a numerical study aimed at assessing potential limits
of the applicability of such transfer functions through the employment of a 3D nonlinear soil-block
model representing a layered soil, recently developed and validated by the authors, and featuring on
top a large heavy building with basement. A number of finite element site response analyses were
carried out for different seismic input signals, soil profiles and embedment depths of the building’s
basement. The numerically obtained transfer functions were compared with the curves derived using
two analytical models. It was observed that the latter are able to reliably predict the embedment
effects in “idealised” soil/input conditions under which they have been developed. However, in
real conditions, namely when a non-homogeneous profile with nonlinear behaviour under a given
seismic excitation is considered, especially in presence of a basement that is more than one storey
high, they may fail in capturing some features, such as the frequency-dependent amplification of the
motion at the basement level of a building with respect to the free-field one.

Keywords: soil-structure interaction (SSI); kinematic interaction; soil-block model; finite element
analysis; site response analysis; building’s basement; foundation input motion (FIM)

1. Introduction

Soil-structure interaction (SSI) effects are typically neglected for relatively lightweight
buildings that are less than two-three storeys high with a limited footprint area and resting
on shallow foundations (i.e., not featuring a basement). In fact, recordings obtained from
instruments adequately installed inside these buildings are deemed to be representative
of free-field motion (e.g., [1]). In the presence of large, heavy buildings, however, the
foundation-level motion may significantly deviate from the free-field one, due to SSI
effects. While it is known that both kinematic and inertial interaction contribute to SSI [2],
the focus herein is on the former, and in particular on the perturbation of the free-field
motion caused by the embedment effects in the presence of a basement. Estimation of the
filtering effect induced by rigid massless embedded foundations typically involves the
use of spectral acceleration ratios (e.g., [3]) or of transfer functions, the latter describing
the ratio between the amplitude of the Fourier transforms of the foundation input motion,
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uFIM, and of the free-field surface motion, ug. Several transfer function models of this type
exist in the current literature. These analytical expressions can be used, for instance, to
correct motions recorded at the basement level of a building, thus allowing one to estimate
the corresponding free-field motions. The latter are more suitable than foundation-level
motions to develop new ground motion prediction equations (GMPEs) that are not biased
by the presence of the structure [4].

The goal of this paper is to check the validity of such existing transfer function models
for embedment effects, identifying their potential merits and limitations. It is known indeed
that analytical models are valid, strictly speaking, only for homogeneous soil profiles and
in the linear range. The use of average shear wave velocity (VS) in layered profiles and the
presence of soil nonlinearity with energy dissipation (under sufficiently strong motions),
among other issues, may lead these models to misrepresent the effects of embedment on
the free-field motion. To check the models, a 3D nonlinear soil-block model representing a
layered soil, recently developed and validated by the authors [1,5] and featuring on top a
large heavy building with basement, was employed.

A finite element (FE) soil-block model allows for the implementation of the direct one-
step SSI modelling approach, which is able to account simultaneously for kinematic and
inertial interactions, as well as to handle soil nonlinearities. The current literature includes
a number of works that use FE soil-block analyses to account for (linear or nonlinear) SSI.
Some of these past works were aimed at evaluating the effects of SSI on the structural
response by comparing different models that encompass soil-structure interaction with the
fixed-base case taken as reference (e.g., [6]). The focus of other works was instead to assess
if SSI effects could impact foundation-level recordings, which is also the focus of the current
endeavour. Within the latter scope, Karatzetzou and Pitilakis (2018a) [7], using a 2D finite
element soil-block model representing a linear homogeneous soil, observed that the peak
acceleration of the foundation motion generally decreases with respect to the free-field one
by 10%–15% on average for both squatty and slender structures and for soil profiles with
soft to medium stiffness. They also observed that especially for short squatty structures
resting on stiff soil profiles the foundation motion may also be amplified with respect to the
free-field one. Karatzetzou and Pitilakis (2018b) [8] provided reduction factors in terms of
ratios of maximum accelerations in foundation and free-field motions. Along the same lines,
Conti et al. (2017) [9] investigated the filtering effect induced by kinematic interaction on
rigid massless embedded foundations. Employing finite difference (FD) soil-block models
(both 2D and 3D) representing a homogeneous isotropic viscoelastic soil, they proposed
new simplified expressions for translational and rotational frequency-dependent transfer
functions relating the foundation and free-field motions. Similar expressions can be found
in the report by NIST (2012) [10] and in the study by Elsabee and Morray (1977) [11].

In this work, a number of finite element site response analyses were carried out
for different seismic input signals, soil profiles and embedment depths of the building’s
basement. In these analyses, the building’s total mass and weight were disregarded, so as
to capture only the kinematic SSI effects; however, the actual stiffness of the structure and
its basement/foundation was accounted for, together with the compression-only interface
conditions between the latter and the surrounding soil. The obtained transfer functions,
representing the ratio of foundation-level/free-field motions in the frequency domain, were
then compared with those derived using the NIST (2012) [10] and Conti et al. (2017) [9]
analytical models.

The manuscript is organised as follows. Section 2 describes the case study building
with basement, the two soil profiles and the two earthquake recordings that were employed
in the numerical analyses, while Section 3 presents the modelling approach adopted in
OpenSees [12] for the soil-block and the structure. Section 4, after a brief state-of-the-art
review on the transfer function models for embedment effects currently available, describes
the two analytical models under investigation in this work, namely the ones proposed by
NIST (2012) [10] and Conti et al. (2017) [9]. The final subsection presents the comparison
between the FE-based transfer functions and the analytical ones, for several combinations
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of seismic input, soil profile and embedment depth. Conclusive discussions may then be
found in Section 5.

2. Case Study Building, Soil Properties and Seismic Input

The comparison of transfer functions obtained from soil-block analyses with analytical
expressions from the literature was carried out with reference to the case study build-
ing with basement, the two soil profiles and the two recordings briefly described in the
following subsections.

2.1. Case Study Building with Basement

The city hall of Uithuizen (Figure 1), in the Northern Netherlands, was herein consid-
ered as a case study of building with a basement, as already done in [1]. The building is
composed of different structures, of different ages and construction materials. In this work,
only the portion corresponding to the structural drawing shown in Figure 2 was considered,
with assumed plan dimensions of 16 × 16 m2. The structure features one underground
storey of approximately 2.5-m depth, plus two storeys above ground, each around 4 m
high. Floor slabs and the roof are made of timber, whereas the walls are in masonry and
the foundation system consists of a slab on wooden piles. In order for the comparison to be
more comprehensive and include responses obtained not only from different soil profiles
and recordings, but also from varied structural configurations, two different embedment
depths were considered herein for the same building, namely 2.5 m (i.e., the actual one)
and 5 m.
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Figure 2. Building with basement case study: structural drawing (Witteveen+Bos, 2019) [14] of the
portion selected for this study.

2.2. Soil Properties

The first soil profile that was considered herein is a simple homogeneous “academic
profile”, composed of one overconsolidated fine-grained layer, of thickness H = 100 m,
underlain by a rigid bedrock (see Figure 3). Adopting VS = 150 m/s and a mass density,
ρ, of 1.9 ton/m3, results in a maximum shear modulus Gmax = ρV2

S ≈ 40 MPa. Then,
assuming a ratio of Gmax/Su equal to 600, the undrained shear strength corresponds to
Su ≈ 70 kPa. A viscous damping ratio ξ = 1% was assigned. This profile was first used with
linear soil properties to test the analytical models under the basic assumptions according
to which they have been developed, namely homogeneous soil profile in the linear range.
The same profile was then analysed in the nonlinear case, for which the modulus reduction
(G/Gmax) and damping curves were retrieved by using the classical expressions proposed
by Darendeli (2001) [15]. Because the curves are a function of the confining pressure, the
soil deposit was discretised in 50 layers of 2 m each, resulting in the 50 pairs of curves
shown in Figure 4.

The second soil profile, called BOWW, was extracted from a set of six profiles consid-
ered within a recent SSI study by the authors [1]. It has a total thickness of 800 m. The
VS profile and soil stratigraphy information, as well as a set of geomechanical parameters
used to describe the dynamic soil behaviour in terms of the shear modulus reduction and
damping curves, were extracted from the Groningen microzonation studies by Kruiver et al.
(2017) [16] and Rodriguez-Marek et al. (2017) [17], to which interested readers are referred
for details. The shear wave velocity profile, characterised by an average VS over the top
30 m, VS,30, equal to 174 m/s, is shown in Figure 5, while for the main stratigraphy and
geotechnical properties interested readers are referred to the report by Mosayk (2020) [18].
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2.3. Seismic Input

In site response analyses, the seismic input typically takes the form of an acceleration
history applied at the bottom of the soil deposit. Two records were selected herein for the
dynamic analyses accounting for kinematic soil-structure interaction. The first one, origi-
nally labelled “23G461”, was taken from a set of three relatively weak records considered
in the Groningen study by the authors [1], which are all borehole recordings at a 50-m
depth. Although it was already the strongest one of those three records, with a magnitude
ML 3.1, an epicentral distance of 12 km and a peak ground acceleration (PGA) of 0.2 m/s2,
it was here linearly scaled up by a factor of 3 so that the soil response could more easily be
pushed into its nonlinear range. Figure 6 displays the acceleration histories and response
spectra of the two horizontal components, namely H1 and H2, of this record, which will be
henceforth referred to as “Accel borehole”.
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of acceleration (a) histories and (b) response spectra.

The second record that was selected belongs to the Central Italy earthquake sequence
of 2016. It was extracted from the Italian Accelerometric Archive (ITACA) database [19]
among the records of the first main event of the sequence (24 August 2016). With a
magnitude ML 6.0, an epicentral distance of 33 km and a PGA equal to 2.42 m/s2 for
the East-West horizontal component, it is the strongest one among the records available
for that event on soil type A, which indicates rock or very stiff soil with VS higher than
800 m/s, according to the current Italian building code (NTC18) [20]. It was registered
at the recording station with code name “FEMA”, and will hereafter be referred to as
“Accel outcrop”. Figure 7 displays the acceleration history and response spectrum of the
selected East-West component of record “Accel outcrop”. This component was used in
both horizontal directions within the 3D soil-block analyses (see Section 4.2); however, this
choice did not influence the results, since the response in only one horizontal direction is of
interest here, as will be further discussed at the end of Section 3.1.
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acceleration (a) history and (b) response spectrum.

The definition of the seismic input to be introduced at the base of the soil-block model
in OpenSees (see Section 3.1) required the undertaking of a preparatory step, different for
each one of the two soil profiles.

For the academic soil profile, it was decided to only apply the “Accel outcrop” signal,
recorded on rock outcrop, since record “Accel borehole”, having been recorded in a borehole
of a Groningen soil profile, is characterised by features not consistent with the properties
of the simple academic profile. A relatively limited depth of 30 m was adopted for the soil-
block analyses, so as to decrease the computational burden and thus render this numerical
exercise computationally feasible (see [1] for more details on the choice of this depth). The
input signal for the soil-block model at a 30-m depth was taken from a convolution process
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carried out in DEEPSOIL [21], with the “Accel outcrop” record applied at the 100-m-deep
bedrock (see [5] for additional information).

On the other hand, for the BOWW profile, both records were applied. The soil-
block analyses were carried out for a depth of 30 m, as done for the first profile. The
acceleration histories at a 30-m depth, for both records, were obtained by convolution
using STRATA [22] (see [5] for additional information). Concerning the “Accel borehole”
accelerogram, which was recorded at a 50-m-deep borehole station, both components were
introduced in the STRATA model as “within” motions at a 50-m depth, whereas the “Accel
outcrop” record was applied at the bedrock of the STRATA model, at an 800-m depth, as a
rock outcrop motion. Then, for both records, the upward propagating motions that serve
as input to the OpenSees model were extracted at a 30-m depth as outcrop motions.

3. Numerical Model of Soil and Structure

As already mentioned, the finite element site response analyses carried out in the
present work aimed at capturing the kinematic soil-structure interaction effects due to a
building’s basement, and at comparing the FE-based transfer functions derived from the
results of such analyses with analytical counterparts available in the literature. A study of
the structural response is therefore outside the scope of this paper and, consequently, the
capability to capture nonlinear response was only assigned to the soil-block model, while
the structural components were modelled using elastic elements.

3.1. 3D Nonlinear Numerical Model of Layered Soil

The 3D numerical model of layered soil developed by the authors [1], implemented
in OpenSees and underlain by either an elastic or a rigid half-space, was used herein to
represent the two soil profiles briefly introduced in Section 2.2. The base nodes of the
soil-block model are fixed vertically. To ensure equal horizontal displacements, equalDOF
boundary conditions are applied in the two horizontal directions (global x and z) to all
nodes belonging to the soil-block’s edges and base. Eight-node SSPbrick elements compose
the soil-block model. The soil layers can be assigned linear or nonlinear materials. In the
nonlinear case, the elastic-plastic PressureIndependMultiYield material is adopted and shear
modulus degradation curves can be assigned to all soil layers, considering their initial
confinement pressure. The Poisson’s coefficient was set to 0.45, considering undrained
conditions and numerical stability of the analyses.

In order to accurately reproduce the propagation of the shear waves below a frequency
of interest, the soil-block mesh size should be such that at least eight elements are included
within the minimum wavelength, λ, of the input seismic excitation; to this aim, a horizontal
mesh size of 1 m was chosen in both x- and z-directions (i.e., 1 × 1 m2 square elements) for
both soil profiles (see [1] for additional details). Along the vertical y-direction, layers thicker
than 1 m were subdivided into two or more sublayers, so that the largest sublayer thickness
is 1 m. The accuracy of these mesh settings was checked by model validation, comparing
the output results with those obtained with other software packages (see [1,5]). As an
example, Figure 8 displays the comparison between results obtained in OpenSees with
the soil-block model reduced to a 50 × 1 × 1 m3 soil-column, DEEPSOIL (both nonlinear,
NL, and equivalent linear, EL, solutions) and STRATA, for the BOWW soil profile and
record “Accel borehole”, in terms of surface acceleration histories (limited to the initial four
seconds of dynamic analysis to cater for a more immediate inspection of the match) and
response spectra. As can be noted from Figure 8, the obtained match is very satisfactory,
especially considering the markedly different modelling approaches adopted in the three
programs, thus demonstrating the robustness of the developed soil-block model and the
accuracy of the adopted mesh settings [5].
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In the developed soil-block model, in order to attenuate numerical noise possibly
present in the analyses, a Rayleigh damping formulation was adopted, requiring the
selection of values for the damping ratio and two modal frequencies. The former was
assigned the very low value of 1%, as already done in [1], whilst the latter were set to the
first (fundamental) frequency of the deposit and five times that frequency, namely 1.43 Hz
and 7.15 Hz for the BOWW profile and 1.25 Hz and 6.25 Hz for the academic profile. An
estimation of the fundamental period, T1, was retrieved by the common expression:

T1 =
4H

VS,avg
(1)

where H is the total thickness of the soil deposit (i.e., 30 m for both soil profiles), while the
average shear wave velocity, Vs,avg, is commonly obtained starting from the shear wave
velocity values of the N layers within H, VS,i, and their thicknesses, di:

VS,avg =
H

∑N
i

di
VS,i

(2)

In order to reproduce the finite rigidity of the underlying elastic half-space, a compliant
base with a quiet (absorbing) boundary was used at the base of the soil-block mesh.
In particular, two Lysmer and Kuhlemeyer (1969) [23] viscous dashpots were attached
independently at the base of the soil-block in the global x- and z-directions, thus introducing
radiation damping. The OpenSees viscous uniaxial material was assigned to the zeroLength
elements representing the dashpots. Following the method of Joyner and Chen (1975) [24],
the dashpot coefficient, cb, is defined as the product of the mass density, ρb, and shear wave
velocity, VS,b, of the underlying elastic layer, and the soil-block base area, A. Earthquake
excitation is input to the system as two force histories, Fx(t) and Fz(t), in the two directions,
applied at the dashpot free nodes and proportional through the dashpot constant to the
two velocity time series, vx(t) and vz(t), at the model base.

Both force histories were applied at the base, thus carrying out full three-dimensional
analyses. However, given the symmetric (square) properties of both soil-block and structure
(for a description of the latter, see Section 3.2), all plots included in Section 4.2 are related
to the same horizontal direction, namely the x-direction. In Figure 9, a rendering of the
soil-block model for soil profile BOWW is shown.
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Figure 9. Developed soil-block model for the BOWW soil profile, with size 30 × 30 × 30 m3.

3.2. 3D Numerical Model of Building with Basement

The model for the building with basement described in Section 2.1 was created in
OpenSees according to the following modelling strategy.

Once the soil-block model had been created, it was necessary to remove several soil
brick elements in the upper soil layers to model the excavation opening. Since the soil
nodes previously belonging to the brick elements cannot be left free, and removing them
would alter the complex node numbering in the soil-block or impact the recording settings
in OpenSees, such nodes are linked by equalDOF constraints to one of the soil nodes in the
model: the first node was chosen herein as the master node, but this choice does not have an
impact on the model and results, since the equalDOF constraints are only applied to avoid
numerical issues. Subsequently, the elastic square slab at the bottom of the excavation hole
is modelled with the same SSPbrick elements used for soil, though obviously characterised
by concrete material properties, having the same discretisation used for soil elements (i.e.,
1 × 1 m2) and a thickness of 0.25 m.

The superstructure is composed of four vertical panels, which represent the masonry
walls, and three horizontal panels, representing the timber floor slabs and the roof. Shell
elements of type ShellMITC4 are employed for the panels, with shell section of type
ElasticMembranePlateSection to assign the structure an elastic behaviour. The base nodes of
the vertical panels are linked to the base slab’s upper nodes by equalDOF constraints in all
three directions. Soil constraints at the ground level are modelled by zeroLength elements
characterised by an Elastic-Perfectly Plastic Gap material with zero gap size and negative
force to introduce a compression gap. Elastic frame elements of type elasticBeamColumn
are used to model the wooden piles, spaced by 4 m along both horizontal directions, for a
total of 25 piles. Figure 10 shows the building with an embedded basement of 5-m depth
founded on a 30 × 30 × 30 m3 soil-block, whereas Table 1 reports the adopted values for
the most relevant properties of the building model. Since the aim of this study is to capture
the kinematic SSI effects only, neglecting the inertial ones, the building’s total mass of
363 tonnes and the corresponding weight were disregarded in the structural model, and
this is why mass properties of the used materials (i.e., concrete, masonry and timber) are
missing in Table 1. Still, in order to properly capture the kinematic interaction effects, and
differently from some of the past works discussed earlier, which introduced rigid elements
within the excavation opening, herein the massless superstructure was modelled, so as
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to account for the actual stiffness of the vertical panels, floor slabs and roof, with their
materials (masonry and timber).

Regarding the possible presence of scattered non-vertically propagating waves due to
the absence of absorbing elements at the vertical sides of the mesh and the presence of the
structure, it is noted that previous works by the authors [1,18] showed that (i) the adopted
mesh size is appropriate for this building with basement and (ii) the model does not give
rise to reflected waves at the vertical boundaries. Further details on this structural model
and the choice of the soil-block size can be found in [1,18].
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Figure 10. Soil-block with a 16 × 16 m2 building with basement (of 5-m depth) on top. The soil,
wall and roof panel elements are rendered in transparent fashion, so as to allow visualisation of
the concrete base slab, represented in green colour, as well as of the timber piles, represented in
brown colour.

Table 1. Properties of the building with basement structural model (c: concrete, m: masonry, t: timber).

Base
dimens. (m)

Height of
superstr. (m)

Depth of
basement (m) Ec (kPa) νc

Thickn. of
base slab (m) Em (kPa) νm

16.0 × 16.0 8.0 2.5 m or 5.0 m 3.0 × 107 0.3 0.25 9.0 × 106 0.2

Thickness of
walls (m) Et (kPa) νt

Thickn. of
floor

slabs/roof (m)

Pile diameter
(m)

Pile length
(m)

Pile spacing
along x (m)

Pile spacing
along z (m)

0.22 1.1 × 107 0.2 0.2 0.35 16.0 4.0 4.0

4. Transfer Functions for Embedment Effects

Transfer functions represent the ratio between two ground motions in the frequency
domain. As such, these functions can be conveniently used to quantify the kinematic SSI
effects, in terms of the variation of a ground motion at the foundation level of a structure
with respect to the free-field. In the evaluation of transfer functions, signal processing
may be needed, including windowing (to obtain the S-wave portion of the record) and
smoothing (to attenuate scatter that can hide physically significant trends). However, it
has been observed that while the transfer function ordinates can be locally affected by
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the window length and the degree of smoothing, the general shape and magnitude of
the transfer functions are kept essentially unchanged [25]. For that reason, in this work,
only a simple moving average (over a sliding window of 50 points) was applied to the
numerically derived FE-based transfer functions, sufficient to readily allow comparisons
between the latter and the analytical ones taken from the literature.

Transfer function models for embedment effects are commonly characterised by two
different expressions, valid for the translational and rotational components of the founda-
tion input motion (FIM), respectively. In this work, only the translational component of
both FE-based and analytical transfer functions was considered, given that it is by far the
most relevant one for typical earthquake engineering applications, such as the correction
of motions recorded at the basement level of a building. Furthermore, the rotational com-
ponent is not deemed to be relevant when the slenderness of the embedment, expressed as
the ratio between the embedment depth and plan dimensions, is low, as is the case for the
building considered herein.

Sotiriadis et al. (2020, 2019) [4,26] derived transfer functions from real recordings and
compared them with those obtained from numerical analyses; in the latter, the substructure
approach was undertaken and the FIM employed in dynamic single-degree-of-freedom
(SDOF) analyses to account for the inertial interaction was obtained using the transfer
function model for embedment effects proposed by Elsabee and Morray (1977) [11]. It is
noted that the expression for translation in [11] is basically the same as the one found in
the report by NIST (2012) [10]: the only difference is the meaning of shear wave velocity,
which in [11] is the velocity along the embedment depth, whereas in [10] it is the average
effective profile velocity (see Section 4.1). Along the lines of the work in [4,26], Zogh
et al. (2021) [27] obtained recordings from two instrumented nuclear power plants in
Japan with large footprints and embedment depths. The transfer functions from these
recordings were then compared with those proposed by NIST (2012) [10], finding that the
latter underestimate the FIM at higher frequencies. Another important work in the field,
although not relevant for the scope of this paper and reported here only to render the review
more comprehensive, is the study by Conti et al. (2018) [28], which aims at highlighting the
effect of the foundation mass on the filtering action produced by embedded foundations.
Since the foundation mass is explicitly included in the kinematic interaction, the involved
interaction problem can be called “quasi-kinematic”. A new transfer function model for
rigid massive embedded foundations was derived using a 2D finite difference soil-block
model and 1D limit solutions.

Based on the literature review briefly outlined above, it was decided to check the va-
lidity of the translational components of only two transfer function models for embedment
effects, namely the ones proposed by NIST (2012) [10] and Conti et al. (2017) [9], as stated
already in Section 1.

4.1. Investigated Transfer Function Models

The first transfer function model for embedment effects investigated herein is the
one proposed by NIST (2012) [10]. This model is the adaptation to rectangular foundation
shapes of the analytical solutions by Kausel et al. (1978) [29] and Day (1978) [30], applicable
to rigid cylinders embedded in a uniform soil of finite or infinite thickness (i.e., half-space).
Given a building with weight W and equivalent plan dimensions B and L, the overburden
stresses due to the building weight below the embedment depth, D, are determined
assuming a 45◦ spanning of the soil stresses with depth z:

∆σv =
W

[B + 2(z− D)][L + 2(z− D)]
(3)

Note that this corresponds to a total stress increase which is equal to the corresponding
effective stress increase. In fact, any increase in porewater pressure due to the building
weight causes a potential flow of the excess porewater pressure that is assumed to have
disappeared a few months after the construction of the building. The overburden-corrected
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shear wave velocities may then be determined assuming (i) a linear variation of the soil
shear modulus with effective mean soil stress, i.e., n = 1 in Equation (4), (ii) a variation of
the effective mean soil stress proportional to the vertical effective stress, i.e., constant earth
pressure coefficient at rest, k0, and (iii) the fact that the shear wave velocity is proportional
to the square root of the soil shear modulus, i.e., Gmax = ρV2

S . The corrected shear wave
velocity expression is then given by (NIST, 2012) [10]:

VS,F = VS

(
σ′v + ∆σv

σ′v

) n
2

(4)

where σ′v is the effective vertical stress from the soil self-weight at depth z. For the purpose
of the analysis of kinematic interaction effects, the average value of the shear wave velocity
below the basement level may be computed on the basis of the travel-time of shear wave
velocities within a depth zp equal to the half-dimension of an equivalent square foundation
matching the area of the entire building footprint, i.e., zp =

√
A/4 (see the report by NIST,

2012 [10]). The average effective profile velocity thus becomes:

VS,e f f =
zp

∑nl
i=1

zi
VS,Fi

(5)

where nl is the number of layers in zp, each with thickness zi and overburden-corrected
shear wave velocity VS,Fi. Note that the zp value should be rounded so as to correspond to
the sum of thicknesses of the nl layers over which the average is calculated.

For embedded rectangular foundations, the NIST transfer function Hu for horizontal
foundation translation is expressed as a function of circular frequency ω, embedment depth
D and average effective profile velocity VS,eff, defined in Equation (5):

Hu

(
ωD

VS,e f f

)
= uFIM

ug
= cos

(
ωD

VS,e f f

)
, ωD

VS,e f f
< 1.1

Hu

(
ωD

VS,e f f

)
= 0.45, ωD

VS,e f f
> 1.1

(6)

An additional transfer function found in the report by NIST (2012) [10], aiming at
correcting the base-slab averaging of incoherent incident waves, could actually have been
considered for validation in this work. However, it was disregarded since the developed
soil-block model produces vertically propagating plane shear waves; in this condition,
incoherence is not present and base-slab averaging cannot occur, with filtering effect
being only related to the inability of the embedded foundation to follow soil deformations
induced by travelling waves [9].

The second transfer function model investigated in this work, proposed by Conti et al.
(2017) [9], is more refined than the first one, since it includes, in addition, the dependence
on B/D, in which B is the width of the square foundation. The proposed expression for the
translational component is given by:

∣∣∣∣Hu

(
ωD
VS

,
B
D

)∣∣∣∣ = uFIM
ug

= a1

1 + a2

(
ωD
VS

)2

1 +
(

ωD
VS

)2 + (1− a1)

∣∣∣cos
(

a3
ωD
VS

)∣∣∣[
1 +

(
ωD
VS

)2
]2a1

(7)

where the dependence on the ratio B/D is present in the coefficients a1, a2 and a3, whose
expressions are reported in [9]. For consistency with the model by NIST (2012) [10], the
same definition for VS, namely the average effective profile velocity VS,eff, was used in
Equation (7). From the case study results, it was also observed that averaging VS,F values
over D or (D + zp), in place of zp, leads to negligible variations of VS,eff and, as a consequence,
of both analytical transfer functions.
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4.2. FE-Based Transfer Functions and Comparison with Analytical Ones

In this section, the numerical FE-based transfer functions obtained from the soil-block
analyses are compared with those derived from analytical models proposed by NIST
(2012) [10] and Conti et al. (2017) [9].

Starting with the case of homogeneous academic soil profile with linear material
subjected to record “Accel outcrop”, Figure 11 shows the surface free-field motion and
signals at the basement level at the two considered depths of 2.5 m and 5 m, in terms of
acceleration histories and response spectra. Computing the ratio between the amplitude
of the Fourier transforms of the signals at the basement level and of the free-field surface
motion yields the transfer functions displayed in green in Figure 12. First, it can be noticed
that the two investigated analytical models lead to transfer functions that are similar and
diverge at lower periods only. The numerical/analytical match can be deemed to be
satisfactory, with small divergences appearing at lower periods (or higher frequencies)
only. The mismatch is more pronounced for the larger embedment depth of 5 m, especially
within a small period range between 0.1 and 0.2 s. At higher periods, the models correctly
predict a constant transfer function value equal to 1, the same obtained from the soil-block
analyses, as also gathered from the response spectra comparison in Figure 11b. Based on
these observations, it can be concluded that both models are able to reliably predict the
embedment effects in this “ideal” case. The obtained good match serves both purposes of
(i) proving the applicability of analytical models in “ideal” conditions and (ii) confirming
once again (after the validation in [5]) that the developed soil-block model is robust and
produces reliable results.

It is noted that the transfer functions shown in Figure 12 and the subsequent figures
are plotted and compared up to a period of 0.07 s because the soil-block model, with
the adopted maximum mesh size of 1 m in the vertical direction, is able to accurately
capture a range of frequency up to around 15 Hz; the latter value is obtained considering
an average VS of around 150 m/s and a λ/10 ratio for the mesh size, which leads to a
minimum wavelength, λ, equal to 10 m. Limiting the upper frequency for comparison is
also consistent with the findings of Kim and Stewart (2003) [31].

In case the same academic profile is assigned nonlinear soil properties, with a low
value for VS and de-amplification of shear waves (as reported in [5]), the free-field and
foundation-level motions feature a smaller PGA due to energy dissipation in the nonlinear
range, as shown in Figure 13. The deviation of the numerical transfer functions from the
analytical ones, displayed in Figure 14, is basically the same as the one observed for the
linear case, for both embedment depths, with a more relevant mismatch, limited again to
lower periods, appearing for the larger embedment depth of 5 m.
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Figure 11. Comparison between surface free-field motion and signals at basement level (two dif-
ferent depths) for linear academic soil profile and record “Accel outcrop” in terms of acceleration
(a) histories and (b) response spectra.
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Moving to the non-homogeneous nonlinear soil profile, herein called BOWW, sub-
jected to record “Accel borehole”, the free-field and foundation-level motions are shown
in Figure 15. Even if the soil experiences only light nonlinearity under this less intense
record, the divergences between the obtained transfer functions are now spread out over
the entire period range, not only at lower periods, as readily gathered from Figure 16.
The numerical/analytical match can be still considered acceptable only for the smaller
embedment depth of 2.5 m, whereas the deviations observed for the larger embedment
depth of 5 m are more pronounced and may have been exacerbated by an abrupt reduction
of shear wave velocity at a 5-m depth (see Figure 5), something that can indeed occur in
real soil profiles such as the BOWW profile adopted in this study.
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Figure 15. Comparison between surface free-field motion and signals at basement level (two different
depths) for BOWW soil profile and record “Accel borehole” in terms of acceleration (a) histories and
(b) response spectra.

Finally, when the stronger record “Accel outcrop” is input at the base of the BOWW
profile (obtained motions displayed in Figure 17) and the soil experiences a higher level of
nonlinearity, the most significant numerical/analytical deviations are observed, as expected,
once again especially for the larger embedment depth of 5 m, as shown in Figure 18. In
summary, the comparisons reported in Figures 16 and 18, as well as the spectra plots in
Figures 15b and 17b, all related to the BOWW profile, show that contrarily to what is
predicted by analytical models, the motion at the basement level of a building can be more
intense than the free-field one, and this can happen especially at lower periods and for
larger embedment depths. It is recalled that such an observation of frequency-dependent
foundation motion amplified with respect to the free-field one is also reported in the work
by Sotiriadis et al. (2020, 2019) [4,26] and NIST (2012) [10].
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5. Conclusions

While SSI effects are typically neglected for relatively lightweight and short buildings
resting on shallow foundations, large heavy buildings feature a foundation-level motion
that may significantly deviate from the free-field one. Focussing in particular on the
perturbation of the free-field motion caused by the presence of a basement, this paper
attempted to assess the applicability of analytical transfer function models for embedment
effects. This was carried out by means of comparisons of results given by the latter and
those obtained with a 3D nonlinear soil-block model representing a layered soil, recently
developed and validated by the authors [1,5], and featuring on top a large heavy building
with a basement.

The comparisons seemed to show that analytical transfer function models are able to
reliably predict the embedment effects only when a homogeneous “academic” soil profile
with linear or nonlinear material is considered. Regarding the non-homogeneous nonlinear
soil profile, an acceptable numerical/analytical match was observed only for the smaller
embedment depth of 2.5 m under the less intense record, namely “Accel borehole”, for
which the soil experiences light nonlinearity. On the other hand, significant deviations
are observed when the stronger “Accel outcrop” was employed or, in general, for the
larger embedment depth of 5 m. The presented results suggest that the performance of the
investigated analytical models worsens as the considered soil/input conditions move away
from idealised ones, and may thus not be satisfactory in real conditions, namely when a
non-homogeneous profile with nonlinear behaviour under a given seismic excitation is
considered, especially in presence of a deep basement (i.e., more than one storey high).
Divergences between numerical and analytical transfer functions may also be partly due to
the rigid foundation assumption under which analytical models are developed, whereas a
real foundation, as modelled in this study, may be very stiff but not exactly rigid.

The above conclusions were drawn by considering a limited number of cases, in terms
of seismic input signals, soil profiles and embedment depths of the building’s basement.
This limitation was decided with a view to make this study computationally feasible, given
the quite heavy numerical burden of the 3D soil-block finite element analyses undertaken
herein: owing to the complexity of the numerical model, which includes thousands of 3D
brick elements, each single site response analysis in OpenSees has taken about four weeks to
complete, on dedicated numerical servers. Collection of a larger sample of numerical data
may be needed to make more refined predictions on the applicability of analytical transfer
function models available in the current literature. Nonetheless, it is believed that the
results of this study do shed additional light on the influence of SSI on the recordings from
instruments located at the basement of buildings and do highlight the need for judicious
care when employing analytical models for correction of basement records used in the
framework of ground motion models development and/or seismic hazard assessment.
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