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Abstract. The substructure approach to the solution of seismic soil-structure inter-
action (SSI) problems becomes more convenient particularly when analytical or
semi-analytical methods can be employed. Applying this approach, the seismic re-
sponse studies of structures are often performed by replacing the surrounding and
foundation soils with dynamic impedance functions under the excitation of founda-
tion input motion (FIM). The presence of embedded modules of the building system
may modify noticeably the FIM. The two primary objectives of this study are to
assess the impact of kinematic interaction on FIM and to evaluate the applicability
range of theoretical models for kinematic SSI response analyses. Numerous three-
dimensional (3D) nonlinear dynamic response analyses were carried out in
ABAQUS for different embedment depths, subsoil conditions, and seismic input
motion on a medium-rise building with subterranean levels. The results of the nu-
merical models reveal that when the depth of subterranean levels is increased, the
characteristic and value of the FIM is considerably varied with respect to the free-
field motion. It was also observed that the numerical modeling methods can predict
more reliably incorporating different combination of effects and nonlinearity, par-
ticularly in lower period and higher embedment. Theoretical models, however, were
failed to capture the effects of deeply embedded subterranean levels and nonlinearity
behavior of subsoil profile, as well as the frequency-dependent attenuation or inten-
sification of the subterranean level motion.

Keywords: Soil-Structure Interaction (SSI), Subterranean Levels, Foundation Input
Motion, Kinematic Interaction, Transfer Function Models.

1 Introduction

The dynamic response of building structures are often influenced by the intricate interac-
tion between the structural system and the compliant subsoil. This complex mechanism of
seismic SSI resulting from kinematic interaction, which is due to the presence of non-rigid
but stiff massless subterranean components on or in soil modifies the FIM, as well as
inertial interaction, in which again the FIM is further modified by inertia-driven forces
also often referred to as D’ Alembert forces acting in the structural system. The former is
the focus of this study, in particular the FFM disturbances caused on by the presence of
embedded subterranean levels. The kinematic interaction response is essentially a result
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of the difference in deformation and stiffness characteristics between the subterranean
components and soil stratum, which is the concept of kinematic SSI. Seismic response
analysis of building structures supported on compliant foundations often uses a substruc-
ture method, in which the subterranean components mostly soil is not explicitly incorpo-
rated, but rather are replaced by foundation impedance (springs and dashpots), and the
analyses are carried out under the excitation of foundation level input ground motion. The
ground motion is suitable for input to the foundation-level or free end of the springs, also
referred to as the foundation input motion (FIM).

For deeply embedded foundations, the kinematic interaction response is more noticea-
ble compared to shallow foundations [1]. In the case of building structures with one or
more subterranean levels, the characteristics and magnitude of the FIM may be influenced
by the presence of embedded subterranean modules. It can be a result of the kinematic
interaction effect induced by an embedded stiff subterranean component of the structural
system [2] and the nonlinearity effect [3] and causes the FIM to diverge noticeably from
the FFM. Therefore, the ground motion at the foundation level obtained from kinematic
interaction response analyses corresponds to an FFM that needs modification to account
for the effects of kinematic SSI before being applied as base excitation to the system.

Although a thorough and comprehensive nonlinear SSI analysis can simulating soil-
structure systems with a high degree of accuracy [4], routine design requires a considera-
ble amount of computational skill and time. Hence, depending on the significance of the
structure, simplified approaches are applied. Spectral reduction factors or transfer func-
tions are two straightforward techniques for estimating the FIM for embedded founda-
tions. Both take into account the frequency-dependent change in the FFM. Transfer func-
tions are frequently used to evaluate the variation of ground motions caused by embedded
rigid massless foundations, which describe the ratio in the frequency/time domain of the
amplitude of the Fourier transforms of the FIM (urm) to the surface FFM, (ug). In the past,
several analytical models in the literature have been presented addressing the filtering is-
sue to estimate the transfer function for a massless circular and rectangular shape rigid
foundation, embedded in a homogeneous linear soil profile or viscoelastic half-space [2,
5-9]. These analytical expressions can be utilized to estimate the modified motions at the
foundation level of a building compared with FFM, and vice-versa. More recently, using
both numerical and theoretical models [10-11], as well as utilizing real signal recordings
from the instrumented buildings with a basement [12-13], analytical expressions were
also developed relating intensity and frequency content records between the ground sur-
face and the foundation level motions.

In this work, finite element based models are utilized for three-dimensional (3D) SSI
analyses using a direct-based numerical method. In this context, several 3D finite element
seismic SRA were performed for different embedment depths of subterranean levels (i.e.,
1, 3, and 5 basement stories), soil profiles (soft, medium, and stiff homogeneous soil de-
posit), and seismic input motion of the soil-structure system in ABAQUS [14]. Since in-
ertial effects are disregarded, the transfer function only depicts the effect of kinematic
interaction. Transfer function models are often expressed by the translational and rota-
tional components of the FFM. However, when the foundation embedment depth to width
ratio (D/B) is low, as it is for the building adopted in this study, the rotational component
is not considered to be significant. Hence, only the translational components of the trans-
lation functions of numerical solutions were considered in this study.
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2 Soil-structure interaction analysis

2.1  Structure-foundation-soil system under investigation

A fifteen-story reinforced concrete moment-resisting frame (RC-MRF) building regular
in plan (Fig. 1(a)) and elevation (Fig. 1(b)) representing the conventional medium-rise
type of buildings is adopted as a reference for this work. The columns of the building are
supported by an embedded mat foundation with one, three, and five basement floor sys-
tems (Fig. 2), resting on a homogenous different soil profiles underline by rigid bedrock
(Table 3). The building was designed according to the Indian standard IS 456 [15] in a
relatively high-risk earthquake-prone zone-V response spectra.
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Fig. 1. The layout of the fifteen-story RC-MRF building adopted in the study: (a) superstructure
elevation view, and (b) standard floor plan of the building.
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Fig. 2. Schematics of the subterranean levels embedment cases with 0BS, 1BS, 3BS, and 5BS.

In accordance with standard engineering design procedures (IS 456 [15],
Bowles [16]), the mat foundation was designed to sustain the static and dynamic
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loads of the structure, to meet the requirements for maximum settlement and bear-
ing capacity, whereas the integrated basement walls were intended to support the
lateral earth pressure, the shear and bending moment. The material characteristics
and designed sections for the building structural elements are presented in Table 1 and
Table 2, respectively.

Table 1. Characteristics of adopted concrete and steel reinforcement in structural designs.

Concrete grade Steel reinforcement grade  Elastic modulus, E (kPa)  Poisson’s ratio, v

M30 (£ = 30MPa) Fe415 (fy = 415MPa) 27386.13 0.2

Table 2. Designed sections for the building's structural elements.

Storey Level Basement 1-3 4-6 7-9 10-12 13-15
Column(m?) 65x65 60x60 55x55 50x50 45x45 40x40
Beam (m?) 65x35 65x35 60x35 55x35 50x35 45x35
Floor slab, ts (m) Basement wall, tw (m) Foundation, tf (m)
0.15 0.25 1

Table 3. Engineering properties of the soil considered in this study ([17][18]).

Soil Vs30 Gmax E Pl C’ !
type UScs (mis)  (MPa) (kg;)m3) (MPa) v SPT (%)  (KN/m?) ((t)
ca/ b GM, SM 600 623.4 1765 1608.3 0.28 N=>50 - 5 40
D2/ IIb CL 320 177.3 1716 4849  0.39 30 20 20 19
E2/11IP CL 150 33.1 1470 91.7 0.40 6 15 20 12

2 ASCE 7-10 [19], P 1S 1893:2000 [20], USCS — unified soil classification system

2.2 Seismic input motion

In the present study, the Christchurch, New Zealand earthquake acceleration record (Fig.
3 and Table 4) was considered for seismic dynamic response analysis. This earthquake
ground motion was incorporated into the numerical simulation while carrying out a non-
linear time history analysis. The chosen earthquake ground motion is FFM. In the assess-
ment of transfer functions, besides standard baseline and filtering correction, significant
windowing and smoothing signal processing may be required [21].

Table 4. Details of earthquake ground motion data considered for the present study.

Earthquake Event Year Mw (R) PGA (g) Duration (sec)

Christchurch, New Zealand 2011 6.2 0.371 49.985
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Fig. 3. Christchurch - New Zealand earthquake record 2011 (a) free-field acceleration time history,
and (b) the corresponding response spectra.

2.3 Numerical kinematic SSI analysis

In this assessment, applying a direct approach as illustrated in Fig. 4 a 3D full dynamic
response analyses were carried out with the numerical method in ABAQUS (Fig. 5). Since
the structural system seismic response analysis is not the aim of the investigation, the
structural members were modeled to behave elastically. The soil model, however, was the
only one given the ability to capture nonlinear seismic responses.

The structural frame elements and basement walls were modeled using standard one-
dimensional beam elements and two-dimensional shell elements, whereas the foundation
element was simulated with 3D solid elements, assuming a linear elastic isotropic behavior
for all elements of the structural system. The most important properties of the structural
system used in this study are presented in Table 1 and Table 2. As observed in the litera-
ture, some of the past SRA is carried out by introducing rigid systems within the embed-
ment depth of the subterranean system, disregarding the superstructure. In this study dif-
ferently, the massless superstructure system also was modeled properly taking into ac-
count the system stiffness [10].

The 3D finite element soil medium was modeled with 3D stress element C3D8R (8-
noded linear brick, reduced integration, hourglass control), whereas to avoid multiple re-
flections during the dynamic response analyses, to reduce a special dimension of the soil
medium, as well as to optimize the computational effort, the far field soil domain was
modeled with 3D 8-node linear one-way infinite brick (CIN3D8) elements [22](Fig. 4 and
Fig. 5). As suggested by [23], the bottom of the soil medium (bedrock) was simulated
using a rigid boundary condition, while the excitation motion was applied at the bedrock
levels and propagating upwards through the entire model. Through sensitivity analysis, a
soil domain with an extent of greater than 7B in the longitudinal direction was considered,
where B is the width of the foundation. As observed by some numerical and experimental
tests [24], and also suggested by modern seismic resistance design codes (FEMA 450 [25],
ATC-40 [26]) the most local site amplification occurs within the top 30m of the soil de-
posit; thus, the vertical extent (bedrock depth) of the finite element soil models were
limited to 30m in this study.

The 3D numerical model of the soil profile was simulated as nonlinear elastic-plastic
material using the Mohr-Coulomb failure criterion. The profiles were examined in the
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nonlinear elastoplastic constitutive model that considered viscous damping (Rayleigh
damping). The Rayleigh damping matrix [C] is as given in Eq. (1), which has a linear
combination of mass-proportional and stiffness-proportional components used in the anal-
ysis according to Ryan and Polanco [27].

[C] = a[M] + BIK] 1
o I15m
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Fig. 4. The direct method configuration used for modeling the integrated soil-structure system of a
15-stories building with three subterranean levels.

where [M] and [K] are the mass and stiffness matrices of the soil, respectively; o and
are the model coefficients, chosen to specify the model damping ratio in two modes. Table
5 represents the natural frequencies of the soil profiles and the corresponding Rayleigh
damping coefficients estimated for the first four modes.

Table 5. Fundamental frequencies and Rayleigh damping coefficients of the soil profiles.

. Frequency (Hz) Rayleigh damping coefficients
Soil type
f1 f2 fs fa o §
C 5 15 25 35 2.3562 0.0008
D 2.67 8 13.33 18.67 1.2566 0.0015
E 1.250 3.750 6.250 8.750 0.5890 0.0032

In most numerical dynamic SSI analyses the size of elements mainly depends on the
geometry of the embedded component of the structural system and loading conditions
(static or dynamic). The element sizes are often refined near the targeted area to take into
account the severe stress gradients and plasticity encountered in the soil medium, whereas
a gradual transition to a coarser element considers far from the targeted area in lateral
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directions of the soil medium. To describe correctly the minimum wavelength of the ap-
plied signals, the maximum size, hmax, Of the elements was estimated using Eq. (2) in this
study.

1
Ao < — X A (2
a
where, A = Vs /fmax, in which Vs = the soil smallest shear wave velocity of interest, fmax

= maximum frequency of interest, and a = 5, 8, and 10 as per [28], [29], and [30], respec-
tively.

CIN3DS8
element

C3D8R
element CIN3DS
element

Fig. 5. The integrated soil-structure system with the adopted 3D finite element model.

2.4  Transfer function models

In this study, two translational transfer function models were adopted from the literature
to evaluate the applicability range of such closed-form solutions for SSI response analysis.
The first model is the one reported by NIST [1]. The horizontal foundation translation
transfer function component is expressed in NIST as given in Eq. (3).

(mD) wD <11

wD o cos ) 7 .

Iy v = u = wD 3)
s g 0.45, A > 1.1

s

The other transfer function model evaluated in this assessment is the simple analytical
expression proposed by Conti et al. [11] for rigid massless and massive embedded foun-
dations (Eqg. 4). This is an improved version of Eq. (3) taking into account the normalized
parameters such as B/D, ®D/Vs, and pr/ps.

| B pr wD\| _ a, 1-ay) wD
u E’E’Ts = + DT 0S aZTS
1e o2y [+ ()] @
ps’ Vs °

TH-01-008 7



Zeleke Lulayehu Tadesse, Hari Krishna Padavala, and Venkata R. P. Koteswara

where ai, a; and az are the coefficients depending on the ratio B/D and pr/ps whose
expressions are described in [11]. pr and ps are foundation and soil mass densities.

3 Results and Discussion

The impact of kinematic SSI on FIM for building structures with varying subterranean
levels in wide-ranging subsurface conditions has been evaluated using a thorough para-
metric investigation. The seismic response of the soil-foundation-structure system is eval-
uated for vertically propagating shear waves. The ground motion is defined at the top of
bedrock level or bottoms of the soil deposit. Transfer functions are evaluated at the top of
the mat foundation.

3.1  Seismic site response analysis

One-dimensional equivalent linear de-convolution analysis in the frequency domain and
three-dimensional nonlinear convolution analysis in the time domain were carried out in
DEEPSOIL [31] and ABAQUS, respectively, to verify the accuracy of the selected ele-
ment size settings in the finite element model for simulation of wave propagation [32].
The shear modulus and damping reduction curves were obtained using Vucetic and Dobry
[33] classical formulas. Fig. 6 presents the comparison of the results obtained from the
two analyses of soil type E/IlI and a reasonably good matching was observed throughout
the entire period.
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Fig. 6. (a) free-field motion, and (b) the corresponding 5% damping response spectra.

3.2 Influence of foundation embedment and soil properties on FIM

In the present assessment, the variations of foundation level motion at the building in var-
ious embedments and nonlinear soil profiles are presented in Fig. 7 in terms of transfer
functions. The kinematic interaction response analyses results as shown in Fig. 7(i) the
motion at the foundation level of a building decreases (i.e., I, < 1) within the period ranges
between 0.2 to 1s as the basement level depth increases, whereas in contrast more intense
than the FFM (i.e., I, = 1) particularly at lower periods and for deeper embedment depths.
Similarly, as presented in Fig. 7(ii) the effect of soil properties on FIM exhibits the same
characteristics as the stiffness of the soil properties decreases from stiff soil to soft soil.
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Fig. 7. Effect of (i) embedment into different soil profiles on the FIM: (a) soil type C, (b) soil type
D, (c) soil type E, and (ii) soil profiles into various subterranean levels on the FIM; (a) 1BS, (b)
3BS, and (c) 5BS.
3.3 Analytical and numerical based solutions of transfer functions

The analytical transfer function models presented by NIST [1] and Conti et al. [11] were
compared to the numerical finite element solutions. Fig. 8, Fig. 9 & Fig. 10 shows the
analytical and nonlinear soil model numerical solutions of transfer functions at different
subterranean levels in various soil profiles. It has been seen that the analytical models
assessed create similar transfer functions that only diverge at lower durations. The numer-
ical solution of the transfer function match can be considered satisfactory, having small
divergences only emerge at lower periods. For the higher subterranean level in low stiff
soil profiles, the mismatch is more noticeable, especially within a small time range.
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Fig. 8. Transfer functions obtained from analytical solutions and nonlinear soil model numerical
solutions in soil type C for (a) 1BS, (b) 3BS, and (c) 5BS.
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Fig. 9. Transfer functions obtained from analytical solutions and nonlinear soil model numerical
solutions in soil type D for (a) 1BS, (b) 3BS, and (c) 5BS.
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Fig. 10. Transfer functions obtained from analytical solutions and nonlinear soil model numerical
solutions in soil type E for (a) 1BS, (b) 3BS, and (c) 5BS.

Conclusions

This paper assessed the effect of kinematic SSI on FIM and the applicability of the two
theoretical transfer function models often used in the literature for seismic response anal-
yses of building with subterranean levels using the substructure method. Several nonlinear
detailed 3D dynamic response analyses were performed for different soil profiles featuring
on top a fifteen-story RC-MRF building with subterranean levels having varied embed-
ment depths under excitation of bedrock level earthquake motion. The variations of the
motion at the foundation level of a building in various embedments and nonlinear soil
profiles were evaluated in terms of transfer functions. The motion at the foundation level
of a building decreases within the period range between 0.2 to 1s as the depth increases,
whereas in contrast more intense than the FFM revealed particularly at lower periods for
deeper embedment depths. Similarly, the effect of soil properties on FIM exhibits the same
characteristics as the stiffness of the soil properties decreases from stiff soil to soft soil.
Furthermore, the applicability range of analytical transfer function models was also com-
pared with numerical model results. The results appeared to reveal that analytical models
can only reliably predict the effects of embedment. Considerable variances, on the other
hand, are noticed for the presence of deep subterranean levels. The models properly antic-
ipate a constant transfer function value for higher periods, which is consistent with the
numerical analyses, whereas the divergence is more significant, especially within a small
time range. It was also observed that the numerical modeling methods can predict more
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reliably incorporating different combination of effects and nonlinearity, particularly in
lower period and higher embedment. Theoretical models, however, were failed to capture
the effects of deeply embedded subterranean levels and nonlinearity behavior of subsoil
profile, as well as the frequency-dependent attenuation or intensification of the subterra-
nean level motion.
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