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ABSTRACT

ARTICLE INFO

Kinematic interaction (KI) effects arising from foundation embedment alter the mo-
tion transmitted from the free field to the foundation level and can therefore influ-
ence the seismic demands imposed on structures. Although several analytical formu-
lations and guideline-based procedures exist to represent these effects, their accu-
racy when used directly to modify design and response spectra has not been thor-
oughly validated against real ground-motion data. This study provides a systematic
evaluation of two widely used KI approaches; (i) the analytical transfer functions of
Elsabee and Morray (1977) and (ii) the spectral-modification procedure of FEMA-
440 (2005). Using a large suite of recorded motions, free-field and foundation input
motions are computed through frequency-domain modification, and corresponding
acceleration response spectra are obtained to form computed spectral ratios. These
computed ratios serve as a benchmark for assessing the predictive performance of
the simplified KI procedures across a range of embedment-to-stiffness conditions.
The results show that analytical KI factors substantially underestimate short-period
spectral ordinates, whereas FEMA-440 captures overall trends more effectively but
loses accuracy for larger embedment depths. The study defines practical ranges in
which simplified KI procedures remain reliable and identifies conditions that require
more refined soil-structure interaction modelling. The findings provide engineers
with clearer guidance for incorporating KI effects in seismic analysis and design.
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1. Introduction

Soil-structure interaction (SSI) is one of the most ex-
tensively investigated yet still not fully understood top-
ics in earthquake engineering (Kramer 1996; Kausel
2010). Simply stated, SSI refers to the mutual influence
between a structure and the underlying soil deposit. The
presence of soil alters the expected behavior of the struc-
ture, particularly under dynamic loading; conversely, the
presence of the structure modifies the response of the
soil beneath it. This bidirectional interaction may lead to
either reduced or increased structural demands, de-
pending on factors such as the dynamic characteristics
of the structure, the mechanical properties of the sup-
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porting soil, and the geometric configuration of the foun-
dation (Gazetas 1991). The literature contains numerous
and sometimes contradictory findings concerning
whether SSI effects are ultimately beneficial or detri-
mental to a structure (Mylonakis and Gazetas 2000; Ba-
pir et al. 2023).

From a design perspective, it is critical to determine
whether SSI has a favorable or unfavorable influence on
structural response. The Turkish Building Earthquake
Code (TBDY-2018) includes a dedicated section on the
modeling of SSI effects in earthquake-resistant design. In
that section, it is stated that if SSI effects reduce seismic
demand-that s, if they prove beneficial-the designer must
neglect them. In contrast, when performing detailed
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structural analyses, it is essential to model the system as
closely as possible to its true physical conditions to im-
prove accuracy. Therefore, incorporating SSI effects, re-
gardless of whether they increase or decrease seismic
demands, is of critical importance. Different levels of
modeling fidelity are available for representing SSI,
which can significantly improve analytical accuracy;
however, these advanced modeling approaches fall out-
side the scope of the present study.

SSI is commonly divided into two distinct compo-
nents: (i) kinematic interaction (KI) effects and (ii) iner-
tial interaction effects. Kinematic interaction refers to
the modification of free-field ground motion due solely
to the presence of a rigid, massless foundation (Veletsos
and Meek 1974). Free-field motion (FFM) is defined as
the ground motion that would be recorded at the top of

the soil deposit if the foundation were absent. The pres-
ence of a foundation may alter this motion through three
primary mechanisms which together constitute the
foundation input motion (FIM). First, base-slab averag-
ing may occur due to the high stiffness contrast be-
tween the foundation and the supporting soil, effec-
tively filtering out high-frequency components. Second,
incident seismic waves may scatter when encountering
the foundation’s edges and corners (Brandenberg et al.
2015). Third, embedment causes the lower portions of
the foundation to experience reduced excitation ampli-
tudes, since ground motion intensity typically de-
creases with depth. As a result, a structure with an em-
bedded foundation may be subjected to a lower level of
seismic excitation relative to a structure with a surface
foundation.

FFM

Fig. 1. Schematic representation of the investigated problem.

Inertial interaction effects, on the other hand, refer to
the changes in the dynamic characteristics of a structure
when it is coupled with a deformable soil. Two primary
manifestations are observed: (i) elongation of the funda-
mental period due to soil compliance, and (ii) an increase
in the overall damping ratio due to radiation damping. A
structure can be represented by two key dynamic pa-
rameters: its fundamental period (or frequency) and
damping ratio. When the supporting soil is deformable,
the structural period elongates relative to its fixed-base
period, producing what is commonly referred to as the
effective fundamental period (Avilés and Pérez-Rocha
1998). Meanwhile, seismic waves traveling through the
structure reflect from the upper stories and radiate away
from the foundation. These waves interact with the soil,
causing energy dissipation through both radiation
damping and soil hysteresis (Wolf 1985). The combina-
tion of these mechanisms is termed foundation damping,
which is additive to the inherent structural damping
(Wolf and Deeks 2004). Although increased damping is
always beneficial and reduces seismic demand, the effect
of period elongation depends on the location of the fixed-
base period relative to the response spectrum. When
foundation damping is not dominant and the fixed-base
period lies in the pre-plateau region, elongation may
shift the period into the constant-acceleration region,
thereby increasing seismic demand.

For structures supported by rigid foundations on ho-
mogeneous soil deposits, design and assessment should
be based on the foundation input motion rather than the
free-field motion observed on the ground surface in the
absence of the foundation. Foundation input motion can
be determined from the free-field motion when the geo-
metric properties of the foundation and the mechanical
properties of the soil are known. The relationship be-
tween foundation input motion and free-field motion is
expressed by a frequency-domain transfer function, of-
ten referred to as kinematic interaction factors. When
this transfer function is available, it can be applied to the
Fourier amplitude spectrum of the free-field motion to
obtain the foundation input motion in the frequency do-
main (Kim and Stewart 2003; Zogh et al. 2021). How-
ever, this requires access to ground-motion time histo-
ries, which are often unavailable in routine design prac-
tice. Designers typically rely on response/design spectra
rather than full time series. Consequently, approximate
methods have been proposed in the literature that use KI
factors to directly modify design/response spectra. This
approximation is exact only for structures with negligi-
ble damping (¢ = 0%). For structures with higher damp-
ing, the approach systematically reduces spectral ordi-
nates at the foundation level. The extent of this reduction
depends on the geometric and mechanical properties of
the soil-foundation system and may be significant.
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Although several analytical expressions and guideline
recommendations exist for estimating foundation input
motions, their practical applicability in modern seismic
design and evaluation remains uncertain, particularly in
situations where only design spectra are available. Many
of the classical formulations were originally developed for
frequency-domain analyses involving full ground-motion
time histories. In contemporary engineering practice,
however, structural models commonly incorporate ele-
vated effective damping ratios due to radiation damping
and soil hysteresis. Applying traditional KI factors di-
rectly to design spectra may therefore introduce non-
negligible biases, and these biases have not been com-
prehensively assessed using recorded ground motions.

Motivated by this gap, the present study focuses on
quantifying the accuracy and limitations of commonly
used KI procedures, specifically the analytical KI factors
of Elsabee and Morray (1977) and the spectral-modifica-
tion recommendations in FEMA-440 (2005). The analy-
sis is restricted to translational KI effects for embedded
rigid foundations in homogeneous, elastic soil. By com-
paring predicted spectral ratios against computed ratios
calculated from a large set of recorded strong motion ac-
celerograms, the study provides a direct and objective
evaluation of how effectively these simplified methods
capture realistic KI behavior across a range of soil stiff-
nesses and embedment depths.

The primary contribution of this work is to establish
practical bounds on the reliability of simplified KI proce-
dures and to identify conditions under which they tend
to underestimate foundation-level demands. The find-
ings offer clearer guidance to practicing engineers re-
garding when FEMA-440 or classical KI factors can be
safely applied and when more detailed SSI analyses are
warranted. By grounding the evaluation in observed
ground motion data rather than purely idealized as-
sumptions, the study strengthens the empirical founda-
tion for incorporating KI effects into modern seismic de-
sign and assessment frameworks. It is also important to
note that other aspects of kinematic SSI, such as base
slab averaging and contributions from rotational de-
grees of freedom, are intentionally set aside for future
research.

2. Kinematic Interaction Factors

For a foundation embedded within an elastic, homo-
geneous half-space, several researchers have derived an-
alytical expressions that relate foundation input motion,
namely, foundation translation and foundation rocking
to free-field motion in the frequency domain. Among
these formulations, one of the most widely known is that
of Elsabee and Morray (1977), presented in Eq. (1) (Cav-
alieri et al. 2021; Conti et al. 2016). In their expression,
the transfer function is defined as a piecewise function:
it maintains a constant amplitude at frequencies higher
than a certain threshold, while its amplitude gradually
converges to 1.0 as the frequency of the input motion de-
creases. The corresponding expression that relates foun-
dation rocking to free-field motion is not included here,
as the present study focuses exclusively on translational
foundation input motions.

u cos (ﬂ), w < 0.357tE
Iu(w) =M = s b (1)
urr 0.453, w > 0.357 =

In the above equation, ugr and ug, denote the free-
field ground motion and the translational foundation in-
put motion in the frequency domain, respectively. I, (w)
represents frequency-dependent KI factors which relate
foundation input motion to free-field motion. The em-
bedment depth of the foundation, measured from the
ground surface to the foundation bottom, is represented
by D. And the representative shear-wave velocity of the
elastic half-space is denoted by V. The term w corre-
sponds to the radial frequency of the input motion, ex-
pressed in units of rad/s.

A very similar expression was also proposed by Mylo-
nakis et al. (2006) to relate translational foundation in-
put motions to free-field motions. In their work, the
transfer function was presented as a piecewise formu-
lation expressed in terms of cyclic frequency rather
than radial frequency. For consistency and compatibil-
ity with the current study, the expression of Mylonakis
et al. (2006) has been rewritten in terms of radial fre-
quency and is provided in Eq. (2). All terms appearing
in the equation below are identical to those defined pre-

viously.
wD T V.
cos (—), w<==
Vs 3D
Vs
3D

I (w) = 2AM - (2)
UFF 0.5, w>
Although the above relationship expresses the foun-
dation input motion in terms of the free-field motion in
the frequency domain, Mylonakis et al. (2006) stated
that it could also be used to modify a design or response
spectrum in an approximate manner. A similar approach
is recommended in FEMA-440 (2005), where the design
spectrum is modified to incorporate kinematic interac-
tion effects resulting from foundation embedment. The
corresponding expression is formulated as a function of
the fundamental period of the structure and is given in
Eq. (3). In this equation, RRS, is the spectral factor used
to modify the design spectrum to account for kinematic
interaction effects associated with embedment. S,z
and S, rr denote the acceleration design spectrum ordi-
nates for the foundation input motion and the free-field
motion, respectively. The fundamental period of the
structure is represented by T, and nl; corresponds to a
representative shear-wave velocity reduced by a factor
n to account for potential stiffness degradation due to
the severity of the considered earthquake. The factor n
may be taken as 1.0 to maintain compatibility with the
previously defined expressions, in which the soil deposit
is assumed to remain elastic. For practical values of D
and V;, the expression recommended in FEMA-440
(2005) is essentially identical to that of Elsabee and Mor-
ray (1977), except for the threshold frequency (or pe-
riod) adopted in the formulation.

s (;%:) > max (cos( 2rD ), 0.453) (3)

0.2nVg

RRS,(T) = S‘S% = co
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A small correction to the above expression should be
introduced. For some short-period values T near the nu-
merical value of D/V; (or D/nl;), the cosine term may
become equal or very close to unity. In such cases, fluc-
tuations appear in the spectral ratios for periods below
the threshold period. To address this numerical issue,
one should first determine the threshold period and the
corresponding spectral ratio. Then, all periods smaller
than the threshold period should be assigned the spec-
tral ratio at the threshold period. This correction is ap-
plied consistently throughout the calculations per-
formed in this study.

As explained above, the approach suggested by sev-
eral researchers relies on using frequency-domain trans-
fer-function amplitudes as multiplicative factors applied
to the design or response spectra of the free-field motion
to obtain the design or response spectra of the founda-
tion input motion. However, this approximation is
strictly valid only for very small damping ratios. It is also
important to emphasize that the design or response
spectra of the foundation input motion are intended for
use in subsequent structural analyses that incorporate
inertial interaction. In that stage of the analysis, the ef-
fective damping ratios are generally relatively high due
to the contributions of radiation damping and soil hys-
teretic damping. Consequently, the approximation de-
scribed above is not practically feasible.

One possible remedy for the aforementioned issue
would be to convert the frequency-domain transfer func-
tions into equivalent factors that can be applied directly
to the ordinates of a design spectrum. However, this con-
version is not straightforward, as it is highly dependent
on the frequency content of the expected earthquake
ground motion. The Random Vibration Theory may
serve as a useful tool for this conversion (Rathje et al.
2005; Rathje and Ozbey 2006), but it is beyond the scope
of this paper. Moreover, because the design spectrum
serves only as an envelope of anticipated seismic de-
mands, it is not sufficient by itself to infer the Fourier
amplitude spectrum of the design earthquake. In this
study, a suite of recorded ground motions is employed to
compute mean spectral ratios between foundation input
motions and free-field motions. It is, of course, almost
impossible for an expected future earthquake to exhibit
frequency content identical to that of any previously rec-
orded motion. Nevertheless, using a set of records and

averaging over them yields a reasonable and representa-
tive estimate.

3. Numerical Analyses and Results

In this section, a comparison of the spectral ratios
commonly employed in practice is presented. There are
two primary approaches for estimating these ratios: (i)
using frequency-domain KI factors directly as spectral
ratios, and (ii) using the spectral ratio expression recom-
mended by FEMA-440 (2005). To enable a meaningful
comparison of these approaches, a large number of rec-
orded ground motion histories are utilized. First, accel-
eration response spectrum ordinates of the selected re-
cordings are computed, representing the spectral ordi-
nates of the free-field ground motion. Second, each re-
cording is modified in the frequency domain using the KI
factors proposed by Elsabee and Morray (1977) to ob-
tain the corresponding foundation input motions. Accel-
eration response spectrum ordinates of these founda-
tion input motions are then calculated. Finally, the ratio
between the foundation input motion spectra and the
free-field motion spectra is determined (Lin and Mi-
randa 2008). The performance of the expressions used
in practice are then evaluated against the calculated
spectral ratios.

The ground motion dataset used in this study was as-
sembled from the PEER NGA-West2 (Ancheta et al.
2014) database, selecting recordings representative of
strong crustal earthquakes. To ensure that the motions
reflect near-field conditions without introducing compli-
cations associated with extremely small source-to-site
distances, only records with Joyner-Boore distances be-
tween 10 km and 20 km were included. This selection
captures motions with sufficiently rich frequency con-
tent across the engineering-relevant range while avoid-
ing strong directivity pulses that would otherwise skew
the analysis. The resulting dataset provides a balanced
representation of strong-shaking environments in which
kinematic interaction effects are expected to be signifi-
cant. In the PEER NGA-West2 database (Ancheta et al.
2014), each ground motion record is assigned a unique
Resource Sequence Number (RSN); the RSNs corre-
sponding to the ground motions employed in this study
are provided in Table 1.

Table 1. RSNs for the employed ground motion recordings.

Resource Sequence Number (RSN)

RSN174 RSN175 RSN192 RSN718
RSN3934 RSN5992 RSN6888 RSN6889
RSN167 RSN172 RSN266 RSN456
RSN1101 RSN1104 RSN1116 RSN1158
RSN5823 RSN5827 RSN5829 RSN5831
RSN5991 RSN6886 RSN6890 RSN6952
RSN457 RSN460 RSN549 RSN725
RSN881 RSN3933 RSN4085 RSN4106
RSN6893 RSN28 RSN164 RSN265

RSN721 RSN728 RSN4284 RSN2703
RSN31 RSN162 RSN2739 RSN4129
RSN458 RSN719 RSN3907 RSN1633

RSN4072 RSN4125 RSN3964 RSN1787

RSN5837 RSN5975 RSN4124

RSN6961 RSN187 RSN33

RSN848 RSN864 RSN550

RSN4137 RSN6874 RSN553

RSN1614 RSN2699 RSN554
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The stations associated with these recordings span a
wide range of Vs 3, values, from approximately 138 m/s
to 730 m/s, covering site classes ranging from soft soil to
stiff soil. Because the objective of this study is also to ex-
amine how soil stiffness influences kinematic interaction
effects, this natural variability in Vs 3 is essential. Prior
to binning the records by site stiffness, the Vs 3, values
were adjusted using the shear-modulus-reduction rec-
ommendations of FEMA-440 to approximate the effec-
tive small-strain shear wave velocity corresponding to
the severity of each ground motion. This adjustment en-
sures better compatibility between the soil conditions
implicitly represented in the recordings and the elastic
half-space assumptions underpinning the KI formula-
tions examined in this study.

No amplitude scaling was applied to the ground mo-
tions. Because the analysis focuses on spectral ratios, i.e.
the ratio between the spectra of foundation input mo-
tions and free-field motions, amplitude scaling is unnec-
essary. These spectral ratios are dimensionless and pri-
marily reflect differences in frequency content and wave
propagation mechanisms, rather than absolute shaking

intensity. Furthermore, all response spectra were com-
puted assuming 5% damping in a linear-elastic frame-
work. Using unscaled, recorded motions therefore pre-
serves realistic variability in frequency content and en-
sures that the evaluation of KI procedures remains
grounded in actual strong motion characteristics rather
than artificially modified ones.

For the spectral ratio comparison, a total of 133
ground motion recordings are utilized. The recordings
are classified into four bins, with representative shear
wave velocities falling within the ranges 100-200 m/s,
200-300 m/s, 300-400 m/s, and 400-500 m/s. Records
from sites with shear wave velocities greater than 500
m/s are excluded, as KI effects are not expected to be sig-
nificant for such stiff soil conditions. The distributions of
representative shear-wave velocities before and after
applying the FEMA-440 modification are plotted in Fig.
2. Asillustrated in the figure, all sites have reduced shear
wave velocities between 100 m/s and 500 m/s, whereas
the original Vs 34 values span a broader range, from ap-
proximately 100 m/s to 800 m/s.

200 300 400 500 700

Vs 30 (M/S)

600

800

300
Reduced Vs,30 (m/s)

100 200 400 500

Fig. 2. Distribution of original and reduced shear wave velocities.

Spectral ratios for the first and last reduced shear
wave velocity bins (i.e, 100m/s < V; < 200m/s and
400m/s < V; < 500m/s) are calculated and plotted in
Fig. 3. In this figure, two embedment depth cases are
considered, 10 m for the first bin and 2.5 m for the last
bin to obtain representative extreme values of D /V;. Be-
cause each bin contains multiple recordings from differ-
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ent sites, the mean shear wave velocity within each bin
is used in the calculation of the corresponding D /V; val-
ues. As observed in the figure, when D /V; is small, the re-
sulting spectral ratios are large, indicating that KI effects
are minor. Conversely, when D /V; is large, the spectral
ratios decrease substantially, demonstrating that KI ef-
fects become increasingly significant.

Recorded GMs Mean of Recorded GMs |

FIM-to-FF Spectrum Ratio
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Fig. 3. Sample spectral ratios for the extreme cases.
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Similar mean spectral ratios are also derived for the velocity within each corresponding bin. The mean spec-
remaining shear wave velocity bins and embedment  tral ratios obtained from the recorded motions are then
depths of 2.5 m, 5 m, 7.5 m, and 10 m. In total, 16 cases compared with the spectral ratios predicted by FEMA-
are evaluated, representing various combinations of em- 440 (2005) and the KI factors of Elsabee and Morray
bedment depth and shear wave velocity. For all of these (1977), as illustrated in Fig. 4. Each panel in the figure
cases, the spectral ratios recommended by FEMA-440 corresponds to a different value of D /V;, which is also in-
(2005) and the KI factors proposed by Elsabee and Mor- dicated on the plots.
ray (1977) are determined using the average shear wave

| Mean RSS Elsabee and Morray — — -FEMA-440 |
1 1
(b) (d)
0.8 0.8
0.6 . 0.6 .
|D/V5 = 0.016| |D/Vs = 0.011| |D/V5 = 0.007| |D/Vs = 0.005|
0.4 4 4
10'2 10! 10° 1072 10! 10° 1072 10! 10°
[D/Vs = 0.03]] (@) (h)

0.8

_____ 70, [B7Vs = 0015 [b7vs =001
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10'2 10t 10° 10 10! 10° 102 10! 10°

0 0

FIM-to-FF Spectrum Ratio FIM-to-FF Spectrum Ratio FIM-to-FF Spectrum Ratio FIM-to-FF Spectrum Ratio
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Fig. 4. Spectral ratios derived by using real recordings and obtained by using expressions used in current practice.

As seen in the figure, for larger values of D/V, i.e., In fact, the threshold period in the FEMA-440 (2005)
above approximately 0.043 s, the spectral ratios recom- expression is not strictly constant but varies in an indi-
mended by FEMA-440 (2005) become identical to the KI rect manner. In the recommended formulation, if the
factors proposed by Elsabee and Morray (1977). As computed spectral ratio is smaller than the spectral ratio
stated earlier, the principal difference between these obtained using a 0.2 s period, then the larger value must
two formulations lies in the threshold period assigned to be adopted. This conditional adjustment is the reason
the constant spectral ratio region. For large D /V, values, why, for sufficiently large D/V;, the effective threshold
the threshold period exceeds 0.2 s, which is the fixed period in FEMA-440 (2005) coincides with that of Elsa-
threshold used in FEMA-440 (2005). Consequently, both bee and Morray (1977).
approaches yield the same spectral ratios in this range.
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One important characteristic of the computed spec-
tral ratios is the consistent presence of a dip at short pe-
riods. The computed ratios generally align with those es-
timated by FEMA-440 (2005) and Elsabee and Morray
(1977) at longer periods. However, at short periods, the
frequency content of the recorded motions causes a no-
ticeable dip. If the energy distribution across the har-
monics of the ground motions were uniform, no such dip
would occur; instead, the spectral ratios would converge
toward the constant KI factor of Elsabee and Morray
(1977), i.e,, 0.453. The value approached by the com-
puted ratios as the period tends toward zero is governed
by both the response transfer function and the KI factors.

As shown in the figure, at shorter periods, the KI fac-
tors proposed by Elsabee and Morray (1977) consist-
ently underestimate the computed spectral ratios, re-
gardless of the D /V value. In contrast, the spectral ratios
recommended in FEMA-440 (2005) appear to be reason-
ably suitable for practical engineering use across a wide
range of periods and D /V levels. Nonetheless, for larger
D /V; values, even the FEMA-440 estimates fall below the
actual spectral ratios. This suggests that when D /V; ex-
ceeds approximately 0.03 s, more advanced SSI model-
ling is required to properly account for the kinematic in-
teraction effects associated with foundation embed-
ment.

Although this study focuses on spectral ratios rather
than absolute demands, it is useful to illustrate how un-
derestimating KI effects may influence engineering deci-
sions. Consider a mid-rise building with a fixed-base fun-
damental period of 0.15 s, supported on a foundation
embedded 7.5 m into soft soil with an effective shear
wave velocity of 150 m/s, giving D/V; = 0.05s. At this
embedment level, the classical KI factors of Elsabee and
Morray (1977) predict a short-period spectral ratio of
approximately 0.453, whereas the computed ratios de-
rived in this study are closer to 0.55. Consequently, using
the analytical KI factors would underestimate founda-
tion-level spectral acceleration by roughly 20% at this
period. While simplified KI procedures remain useful for
shallow foundations or stiffer soils, this example high-
lights the potential for significant bias when relying
solely on classical KI factors, emphasizing the im-
portance of more refined SSI modelling in such cases.

4., Conclusions

This study evaluates widely used procedures for in-
corporating embedment-related kinematic interaction
(KI) effects into design and response spectra and com-
pares them against computed spectral ratios derived
from 133 recorded ground motions. The main findings
are:

e Analytical KI factors (Elsabee and Morray 1977) con-
sistently underestimate short-period spectral ordi-
nates, regardless of soil stiffness or embedment
depth, because frequency-domain KI factors do not
directly translate into response-spectral reductions
for realistic damping levels.

e FEMA-440 (2005) provides reasonably accurate esti-
mates across a broad range of periods and soil condi-
tions, particularly for small to moderate values of

D /V,. However, it tends to underpredict spectral ra-
tios for large embedment depths or very soft soils,
where KI effects are more pronounced.

e Computed spectral ratios consistently show a distinct
dip at short periods, driven by the nonuniform fre-
quency content of actual ground motions. This behav-
ior is not captured by simplified analytical KI expres-
sions.

e For D/V; = 0.03-0.04s, both analytical KI factors and
FEMA-440 spectral modifications become increas-
ingly unreliable, indicating that simplified spectral
modification approaches may lead to unconservative
estimates of foundation-level demands.

Based on these observations, simplified KI proce-
dures can be used for practical design when embedment
is shallow, and soil stiffness is moderate to high. For
deeper foundations, soft soils, or cases requiring accu-
rate short period demands, more detailed SSI modeling
is recommended. Future studies should extend the eval-
uation to include rotational components, base-slab aver-
aging, and layered soils to improve the reliability of KI
predictions.
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