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A B S T R A C T

Soil-Structure Interaction (SSI) effects may become significant for buildings situated on soft soil when coupled 
with specific foundation and superstructure flexibility characteristics. Under service conditions, traffic-induced 
waves can cause vibrations perceptible to building occupants, even when the structure fully complies with a 
conventional strength-based building standard. This investigation was based on records of a six-story building. 
Soil foundation was modeled through a semi-infinite elastic media representation. A calibrated model achieved 
estimations within an 8 % difference from actual field records. The results demonstrate that SSI induces a 
reduction of up to 40 % in the system’s lateral stiffness during its service state at overall drift ratios of about 
0.0002 %. In contrast to research approaches focused primarily on inelastic behavior for seismic applications, 
this study presents a methodology to identify the presence of SSI, by tracking the frequency of an equivalent 
nonlinear-elastic model. This variation occurs as base movement activates foundation flexibility, leading to the 
coexistence of two distinct fundamental frequencies. The identification is achieved through a 2-DOF represen
tation and it involves (a) analyzing the frequency content of ambient vibrations recorded with high-sensitivity 
instrumentation; (b) tracking the fundamental frequency as a function of displacement; (c) establishing a 
linear transfer function (TF) to isolate the effects of soil flexibility; and (d) comparing estimated forces applied at 
each DOF to localize the source of energy input. The method was successfully implemented to characterize the 
most probable scenario causing user-perceived vibrations. Despite its efficacy, the applicability of this approach 
may be limited in cases with low signal-to-noise ratios or highly rigid superstructures that preclude the coex
istence of the fixed-base and SSI-influenced frequencies.

1. Introduction

Vibration control is generally not a primary design parameter for 
buildings according to structural design standards [1,2], unlike for other 
structure types such as pedestrian bridges [3]. For the latter, adequate 
strength and stress limits must be met, but the structure must also satisfy 
specific rigidity requirements to ensure the natural frequency of the 
bridge does not fall within the range of frequencies perceptible to 
humans. Furthermore, the bridge's frequency must remain sufficiently 
distant from human walking excitation frequencies to avoid resonance 
that causes discomfort and a sense of unsafety for users.

While extensive literature recommends vibration control—including 
for local vertical vibrations in steel systems [4] and other recommen
dations lacking strict enforcement in structural design [5] —there is a 

noticeable lack of official standards prescribing vibration control for 
lateral displacements in buildings as part of structural or geotechnical 
design. This deficit exists despite the long-recognized relevance of 
lateral Soil-Structure Interaction (SSI) in seismic applications [6] [7]. 
For tall buildings, aerodynamic studies, such as wind-tunnel analysis, 
are often performed during the structural design phase to prevent user 
discomfort under service conditions. However, some recommendations 
that prescribe controlling service vibrations in the structure neglect to 
include the foundation in the analysis [8], even though the effect of 
foundation flexibility on service vibrations is a recognized factor [9,10].

For low-rise buildings, vibration control is rarely addressed, taking 
precedence over seismic analysis in current standards [1,2]. From a 
simplified perspective, a building may be conceived as a 2-DOF system, 
with one degree of freedom of lateral displacement assigned to the 
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superstructure and one to the foundation, based on the assumption of 
negligible rocking over deep foundations during service conditions [11]
(in contrast to seismic practice). SSI is typically addressed in design 
standards only for extreme or unusual conditions like earthquakes 
[12− 14], primarily to achieve a more accurate estimation of the struc
tural natural period used to calculate seismic forces. For routine design 
purposes, structural engineers often assume fixed-base conditions, 
neglecting flexibility derived from soil properties. Consequently, SSI is 
often disregarded, despite the lack of consensus regarding the conser
vatism of this assumption [15,16]. Although neglecting SSI may be 
justifiable from a seismic design perspective (as a stiffer building attracts 
greater seismic forces), this approach is not always conservative 
regarding displacement or flexibility related to user comfort.

This paper investigates a six-story building that meets strength code 
requirements but experienced perceived vibrations by users under 
normal-day conditions. The study employs a method combining 
analytical models with actual vibration records to assess the complex 
interaction between the environment, foundation, and superstructure, 
leading to the conclusion that Soil-Structure Interaction is the main 
source for the perceived vibrations. In complementing existing research, 
novel perspective of the presented methodology to identify SSI and es
timate its effect in the perceived in-service condition vibrations, might 
be defined by the combination of the following essential aspects: 

• Usage of a simplified 2-DOF representation in numerical model as 
well as in data recording

• Selection of adequate instrumentation capabilities to observe SSI at 
small amplitudes

• identifying how foundation flexibility contributes to both an increase 
in overall system flexibility and the introduction of base movements 
that are subsequently amplified at higher stories. This identification 
is performed by analyzing standard Fourier Amplitude Spectra, 
tracking the variation of the fundamental frequency at low 
displacement levels, calculating linear-elastic Transfer Functions to 
isolate the effects of soil flexibility, and estimating the forces applied 
at each degree-of-freedom (DOF) within the system.

A novel aspect of this research lies in the identification of a dual- 
spectral signature within the building's dynamic response, character
ized by the coexistence of two distinct fundamental frequencies 
depending on the excitation level, thus, a behavior represented in this 
study by a nonlinear-elastic model. While traditional Soil-Structure 
Interaction (SSI) studies, such as the landmark analytical frameworks 
by Veletsos and Meek [6] and the empirical observations by Stewart 
et al. [17], typically treat the system as having a singular shifted fre
quency (f), the presented field data reveals a transitionary behavior. 
Moreover, many recent research continues to focus on the effect of SSI 
for seismic applications where an inelastic model is used [18− 22] rather 
than a nonlinear-elastic model. At ultra-low ambient noise levels, the 
system studied exhibits a peak at 3.02 Hz, corresponding to a 'quasi-
fixed' base condition where foundation flexibility remains immobilized. 
However, during transient traffic events, a secondary dominant peak 
emerges at 2.53 Hz. This elastic frequency coexistence serves as a 
reference method for SSI identification, providing a direct empirical 
measure of the 40 % reduction in lateral stiffness without the un
certainties inherent in purely numerical or laboratory-based soil stiff
ness estimations. This transitionary elastic non-linearity bridges the gap 
between theoretical fixed-base models and the actual service-level per
formance of buildings on soft soil.

2. Case study

This section describes the building used for the current research in 
terms of geometric configuration and material and relevant structural 
and geotechnical properties for the superstructure and foundation. Also, 
selected instrumentation and signal records obtained, are discussed to 

illustrate how required accuracy was provided for such small displace
ments. The investigated structure is a six-story reinforced concrete (RC) 
building comprising four stories of superstructure above grade and two 
underground parking levels, as shown in Fig. 1.

The lateral force-resisting system consists of moment-resisting 
frames in both horizontal directions. Inter-story heights are 4.5 m for 
the first level and 3.5 m for the subsequent levels. Column dimensions 
vary from 30 cm× 70 cm at the upper levels to 40 cm× 100 cm at the 
lower levels. The strong direction of most columns is aligned with the 
short in-plan direction (y-direction). The foundation system is a piled- 
raft foundation consisting of 126 floating piles, each 25 m long and 
40 cm in diameter. The specified design concrete strength (f′c) was 
21 MPa for beams and columns and 24 MPa for other elements The 
building features an L-shape in plan, with the longest dimension of the 
foundation (x-direction) measuring between 1.5 and 2.3 times the 
length of the short dimension (y-direction). The foundation extends 
beyond the superstructure, being 9 m wider and 3 m longer in plan. 
Based on soil exploration data, seismic micro-zonation studies [23], and 
local structural standards [2] of similar international classification 
[1− 24], the soil profile is classified as Type S4, characterized by an 
average shear wave velocity (vs) of 150 m/s. Material samples extracted 
to a depth of 12 m were classified as either CH or MH according to the 
Unified Soil Classification System (USCS) [25]. The instrumentation was 
selected of microtremors accelerometers (0.5 g-full range) combined 
with high resolution acquisition system (24-bits), such that a theoretical 
resolution of the system of 5 × 10− 5 milllig was achieved. However, 
actual measurements were used to verify the more relevant character
istic of signal-to-noise ratio (SNR) that dictates accuracy of records [26]. 
Based on measurements of surrounding ground (superstructure records 
are a few orders of magnitude larger and then much less prone to be 
overcome by noise level), the average SNR were obtained between 2 and 
more than 5, which is considered adequate for experimental studies 
[26].

The building occupants reported experiencing perceptible vibrations 
during normal-day conditions on the fourth floor, specifically near the 
southwest corner of the building, a location which corresponds to the 
point farthest from the in-plan center of rigidity. The highest volume of 
traffic near the building is on a busy street aligned with the building's 
long-plan dimension. The experimental phase included the following 
components: a) Ambient vibration records captured in the vertical and 
the two main horizontal directions; b) Vibration records obtained during 
the passage of a heavy vehicle around the building while extraneous 
traffic was restricted; c) Simultaneous floor vibration records taken 
across the structure in the main horizontal directions; d) Vibration re
cords acquired in the soil surrounding the foundation.

3. Numerical model

This section provides a detailed description of the two versions of a 
3D model used for analysis and interpretation of records. A third model 
based on a 2-DOF representation, essential to the simplified method 
presented, shall be presented in Section 5. A three-dimensional Finite 
Element (FE) model [27] was developed based on the as-built structural 
drawings for the superstructure, comprising almost 13,000 degrees of 
freedom (Fig. 2). The model utilized frame elements for beams and 
columns and shell elements for the slab representation. The modulus of 
elasticity of concrete (Ec) was estimated using the formula Ec =

4700
̅̅̅̅̅
f ć

√
(MPa) [2], which is equivalent to the ACI [1], with the con

crete strength assumed to be 20 % higher than the design value based on 
expected hardening over more than a decade post-construction. 
Non-structural elements, such as masonry walls in the stair cores, 
were included in the model due to the observed strong sensitivity of the 
calculated natural frequencies to their presence. Constrained conditions 
were imposed on the slab nodes representing the perimeter of the col
umns on each floor to accurately model the slab-column connections.
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Fig. 1. Building description, coordinate system and 2-SDOF system: (a) typical floor-plan view; (b) foundation plan view surrounded by walls; (c) elevation showing 
superstructure, underground floors and foundation, and (d) 2-DOF model to represent the system.

Fig. 2. Three-dimensional Finite Element Model used: the superstructure is fully represented in geometry (frame elements for beams and columns and shell elements 
for walls) while foundation was represented by stiffness, damping and mass properties concentrated at base of columns. Coordinate system used is presented.

Fig. 3. Pile interaction factor α-th used to represent foundation flexibility, computed for X-direction: (a) value obtained for each pile based on over 7800 combi
nations; (b) Pile layout showing specific piles with maximum and minimum interaction values.
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The foundation system's dynamic stiffness was represented in the 
numerical model using a semi-infinite elastic media consideration, as 
proposed by Novak [28] [29], utilizing soil and concrete pile properties 
(Fig. 3). To account for the flexibility induced by pile proximity, the 
interaction factor a (an-th) between the n-th pair of piles out of the total 
of 126 piles, was calculated along the two main horizontal directions 
[30]. This analysis considered over 7800 combinations of pile pairs for 
each in-plan direction [31]. The lateral pile stiffness, k, was calculated 
assuming a head-rotation restrained condition—provided by the foun
dation mattress footing, as EpIp/ro

3 ∗ f11,1, where the coefficient f11,1 is a 
frequency-dependent parameter. These expressions were derived as a 
function of the pile flexibility factor, KR = EpIp/GL4, which depends on 
the pile's modulus of elasticity (Ep), pile moment of inertia (Ip), pile 
radius (ro), the soil shear modulus (G), and the pile length (L). An 
illustration of this procedure, specifically the estimated α value for each 
pile and the piles exhibiting maximum and minimum interaction in the 
x-direction, are shown in Figs. 3(a) and 3(b).

Consistent with concentrating the foundation stiffness at the column 
bases at the ground level, the total mass of the two underground parking 
levels was equally distributed among the column base nodes in the FE 
model (Fig. 2). This simplification was justified because the basement 
levels possess the stiffest columns and benefit from substantial lateral 
stiffness provided by the perimeter retaining walls, making distortion 
across the foundation during service vibrations negligible. The stiffness 
of these walls is, in fact, two orders of magnitude larger than that of the 
columns alone. The model's validity was later justified by comparison 
with actual records. A detailed list of parameters used in the numerical 
modeling, based on two scenarios of soil flexibility (shear wave veloc
ities of 150 m/s and 133 m/s), is provided in Table 2. The resultant 
numerical models demonstrated a maximum average difference of only 
8 % when compared to actual measurements (as labeled "error" in 
Table 1), confirming the reasonability of the models obtained.

4. Dynamic Behavior of Building

This section presents the comparison between analytical results of 
the numerical models (3D model in its two versions and a 2-DOF model) 
and actual records, in order to show both the fundamental-frequency 
coexisting effect and amplification of traffic waves in the building, due 
to SSI.

4.1. Ambient vibration tests

The main mode shapes for the two horizontal directions x and y 
calculated with the FE model are shown in Fig. 4, where shaded images 
representing undeformed position are to help on visualizing the 
deformed shapes. The Fig. 4(a) thru (d) correspond to in-plan and 
elevation deformed shapes for the first mode of each direction, whereas 
Fig. 4(e) and (f) correspond to elevation deformed shape of second 
modes.

It can be seen that despite direction, first and second modes are 
deformed shapes where superstructure is in and out of phase with 
respect to foundation (columns base) respectively, as expected for a 2- 
DOF system. These two modes account for a significant portion of the 
total response, summing up between 70 % and 80 % of the total 
participating mass (MM) calculated for each direction, as seen in 
Table 1. The first mode shape for the x-direction contains a notable 
component of displacement in the y-direction as the non-symmetric 
configuration of the building induces rotation around center of rigid
ity. This asymmetry dictates that the maximum y-direction displace
ments for the first x-direction mode occurs at the building’s left corner of 
plan view in Fig. 1(a), the reported location of perceived vibrations at 
the highest floor level, as estimated also with the model shown in Fig. 4
(b).

Table 1 provides a comparison of the calculated natural frequencies 
from the FE model against the experimental records, alongside the 
computed Modal Mass (MM) for the two primary modes in each direc
tion. Fig. 5(a) and Fig. 5(d) present the Fourier Spectrum Amplitude 
(FSA) derived from acceleration records corresponding to one-hour and 
two-minute time windows, respectively. The comparison of funda
mental frequencies between these two spectra illustrates how observa
tion may be distorted by accumulated noise level as a longer time- 
window record is considered. Thus, frequencies f1-y and f1-y-fixed seem 
more distinguishable in the short-duration spectrum (Fig. 5d) than at the 
long one (Fig. 5a), therefore aspects such as the SNR described in Section 
4 need to be considered. The spectra displayed in Fig. 5(b) (at the center 
of the floor slab) and Fig. 5(c) (at the right edge) were recorded simul
taneously with the record shown in Fig. 5(a). The maximum recorded 
acceleration during the ambient vibration test, observed within the 
target frequency range of 0.5 Hz to 8 Hz, measured 0. 2 millig (2 10− 4 

g). The fundamental natural frequencies of the building were identified 
from the peak amplitudes of these spectra: f1-x = 2.06 Hz and f1-y 
= 2.53 Hz (summarized in Table 1).

Fig. 5(e) summarizes a series of tests where sensors were positioned 
along a straight path between axes A and H of Fig. 1(a). The mode shape 
was determined from these tests using the phase angle in the frequency 
domain between signals obtained from adjacent sensors [32,33]. Fig. 5
(e) experimentally confirms the main mode shape derived from the FE 
model (Fig. 4b). Crucially, the location of the maximum displacement 
point determined from this test is consistent with the area of most sig
nificant/disturbing vibrations reported by occupants at the left bound
ary of the building floor. The second natural frequency in the y-direction 
(f2-y) is clearly observed at 5.15 Hz in Figs. 5(a) through 5(c) (as sum
marized in Table 1). The peak amplitudes (Fourier amplitudes) corre
sponding to this frequency (f2-y) are notably similar across simultaneous 
records at the left, center, and right boundary positions, which is 
consistent with the mode shape calculated by the FE model (Figs. 4d and 
4f) that suggests a nearly uniform y-lateral floor movement. Quantita
tively, when comparing the peak magnitudes in the Fourier Spectra 
(Fig. 5a–c), the second frequency (f2-y) contributes between 10 % and 
20 % of the energy observed at the fundamental frequency (f1-y) across 
the left and center floor slab locations, which collectively encompass 
nearly 70 % of the total plan area. The calculated modal mass (MM) for 
the second fundamental frequency (f2-y) is approximately half the MM of 
the first mode (f1-y) (as documented in Table 1), a relationship that re
mains consistent regardless of the assumed soil stiffness scenario 
(defined by the shear-wave velocities). This analytical finding is 

Table 1 
Main natural frequencies calculated and identified.

Parameter/quantity Value (s)* unit

Foundation stiffness, kf 2876 / 2491 kN/mm
Average interaction factor for x and y 

directions
1.629 / 1.644 rad

Pile flexibility factor, KR by Poulos ​ ​ 3.01*10^-6 rad
Shear wave velocity 150 / 133 m/s
Foundation lateral-stiffness 

coefficient by Novak, f11,1

0.040 / 0.034 rad

Foundation damping, cx ​ ​ 0.477 MN*s/ 
m

Equivalent superstructure SDOF 
mass, mb

1777,335 / 1718,834 kg

building-to-foundation frequency 
ratio, η

0.693 / 0.583 rad

building-to-foundation mass ratio, μ 0.535 / 0.517 rad
Foundation viscous damping ratio, ζf ​ ​ 1.2 % rad
Superstructure viscous damping 

ratio, ζb

​ ​ 0.7 % rad

Foundation and superstructure 1st- 
mode energy deformation

4.653*10^3 / 1.509*10^3 Joule/ 
m2

SDOF-system viscous damping ratio, 
ζ

​ ​ 0.83 % rad
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supported empirically by the average ratio of peak amplitudes observed 
in the spectra across Figs. 5(a) through 5(c). Furthermore, close in
spection of the spectra (Fig. 5a–d) reveals that each identified frequency 

corresponds to a spread-over energy distribution rather than the sharp, 
crystalline peak characteristic of a perfectly linear-elastic system. This 
spectral spreading suggests the presence of some degree of non-linear 

Fig. 4. Main mode shapes views calculated with the 3D model: (a) and (b) elevation and plan view of 1st mode shape of x-direction; (c) and (d) elevation and plan 
view of 1st mode shape of y-direction; (e) elevation of 2nd mode shape for x-direction; (f) elevation of 2nd mode shape for y-direction.

Fig. 5. Ambient vibration records measured along y-direction: (a), (b) and (c) are Fourier Spectra Amplitudes of 1-hour ambient vibrations measured at left, center 
and right bound of building plan at 4-th floor, respectively; (d) Fourier Spectrum Amplitude of 1-minute ambient vibrations measured at left bound; (e) amplitude- 
normalized accelerations measured along an x-direction straight path between axes A and H of Fig. 1(a).
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elastic behavior within the structural concrete [34− 37].
Consistent with the structure's non-symmetric deformation pattern 

predicted by the numerical model (Fig. 4b), the longitudinal frequency, 
f1-x, exhibits a noticeable presence within the transverse (y-direction) 
spectrum. The observed relationship between these two fundamental 
frequencies is consistent with the column orientation, resulting in f1-y 
being greater than f1-x. Further spectral analysis reveals a distinct peak 
corresponding to the fixed-base natural frequency in the y-direction f1-y- 

fixed at 3.02 Hz. This peak, evident in Fig. 5(a), (b), and (d), represents 
the vibration of the superstructure at very small amplitudes before the 
foundation's flexibility is fully mobilized as will be shown. Thus, below 
certain displacement levels of the foundation and from a practical 
perspective, the building superstructure behaves as fully restrained at 
the base of its columns and no noticeable SSI is observed (no relevant 
movement of the foundation itself). Therefore, the system behaves as a 
nonlinear-elastic system if no permanent displacement is caused [37], as 
expected for small strain levels proper of the service condition.

4.2. Coexisting fundamental frequencies

The two distinct y-direction fundamental frequencies, representing 
the behavior with SSI (f1-y) and the theoretical fixed-base condition (f1-y- 

fixed), are visually observable in the center plot (middle portion) of Fig. 6
(c). This plot displays the Fourier Amplitude Spectrum (FSA) of the 4-th 

floor acceleration record captured during the passage of a heavy vehicle. 
It is important to note, related with the nonlinear behavior described, 
that this vehicle test imposes larger displacement in the system than 
those displacements corresponding to ambient vibration of Fig. 5. Spe
cifically, the amplitudes in Fig. 6 (truck event) are approximately 0.8 
millig (8 ×10− 4 g), compared to the 0.2 millig (2 ×10− 4 g) measured in 
the ambient records (Fig. 5). It is evident in this spectrum of Fig. 6(c) 
that the contribution of f1-y-fixed—a peak identified through the transfer 
function derived separately as will be explained in Section 5—appears 
significantly less dominant under the relatively larger vibration ampli
tudes imposed by the passing truck (peak magnitude in the FSA for f1-y is 
larger than peak for f1-y-fixed).

The comparison of the two fundamental y-direction frequencies (f1-y 
and f1-y-fixed) in Figs. 5 and 6 leads to a critical observation: at small 

amplitudes, when the foundation's flexibility has not yet been mobilized, 
the superstructure behaves as if supported on a fixed foundation (f1-y- 

fixed). Conversely, when vibration amplitudes are large enough to 
enforce foundation movement, the system transitions to exhibiting the 
characteristic SSI-vibrating behavior associated with f1-y. This dual- 
spectral condition or coexisting fundamental-frequency condition, has 
been further analyzed via a spectrogram calculated on the 4-th floor 
response of the passing-truck test and shown at the top of Fig. 6(a). The 
spectrogram shown [31] corresponds to successive time-windowed 
Fourier transformations over the total record duration, in order to 
evaluate frequency content of the response over time. It is seen in this 
spectrogram that as the vibration amplitude decreases a higher fre
quency is revealed in the contour, for instance, right after vehicle arrival 
(tarrival) the colored zone in the spectrogram shifts down in the frequency 
vertical axis. Estimates in this type of plot are subjected to the natural 
trade-off between time and frequency precision [38], therefore a 
spread-energy contour is being observed in the spectrogram of Fig. 6(a) 
rather than a sharp frequency value for each instant of the record.

In order to complement the observation of the displacement- 
dependency of the frequency in the spectrogram of Fig. 6(a), an addi
tional estimate of fundamental frequency has been performed based on 
the concept of instantaneous frequency [39], that led to calculate a 
vibrating frequency at each instant of the record rather than within a 
time window as the spectrogram technique. Equations 1 (a), (b) and (c) 
were used to estimate the instantaneous f(t) of the 4-th floor response 
under the passing-vehicle test of Fig. 6. A narrowed band-passed filter 
was used to isolate the frequency content of the response between a 1 
and 4 Hz corresponding to a range that contains the two fundamental 
frequencies previously identified as the dual-spectra effect (f1-y and 
f1-y-fixed). Figs. 7(a) and 7(b) show the time and frequency-domain of the 
filtered signals (ground and 4-th floor responses of experiment in Fig. 6), 
which are almost identical to those shown in Fig. 6(a) given that 
passing-vehicle response is dominated by the fundamental frequency. It 
can be seen in the spectra of Fig. 7(b) that the fixed-fundamental fre
quency (f1-y-fixed), thus, under no SSI effect, is more evident at the su
perstructure response than at the ground response given that foundation 
has negligible movement at such frequency, or, in other words, foun
dation flexibility has not been engaged yet at smaller displacments. 

Fig. 6. Passing truck testing in the building measured along y-direction: (a) acceleration records at ground and superstructure floors and spectrogram of 4-th floor; 
(b) Analytical response of a 2-DOF representation, with Fourier Spectrum Amplitudes for foundation (top plot) and superstructure (mid-plot) and the corresponding 
Transfer Function between foundation and superstructure (bottom plot); (c) The same results of the three plots in (b) obtained experimentally.
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Fig. 7(c) shows the instantaneous frequency calculated for a time win
dow around vehicle arrival instant (tarrival) as marked in Fig. 6(a). 
Consistent with the dual-spectra phenomenon of presence of two 
fundamental frequencies in the building system, it can be seen in Fig. 7
(c) that for very little movement in the superstructure just before vehicle 
arrival, the superstructure vibrates according to the fixed-fundamental 
frequency (f1-y-fixed) and once acceleration amplitude (and also 
displacement) of the building system is increased by the vehicle effect, 
the instantaneous frequency drops to a value about the SSI fundamental 
frequency (f1-y) indicated in Table 1. Also, after the temporary vehicle 
effect has passed near the end of the time window, the instantaneous 
frequency tends to return to higher values associated to no foundation 
movement. This is the coexisting fundamental-frequency phenomenon 
mentioned, which can be visualized from the perspective of a non-linear 
elastic system as previously illustrated in the spectrogram of Fig. 6(a). 

x́ (t) =
∫ ∞

− ∞

x(u)
π(t − u)

du (1a) 

X(t) = x(t)+ ix́ (t) = A(t)eiθ(t)⋅t (1b) 

f(t) =
(

1
2π

)
dθ(t)

dt
(1c) 

5. Identification of soil flexibility under passing-truck testing

This section presents a comparison of the proposed analytical 2-DOF 
modeling and actual records to identify mobilization of the foundation 
flexibility under realistic passing-truck tests. A dedicated series of 
controlled field tests were executed by restricting regular traffic and 
exclusively passing a 17-tonf vehicle around the structure. An acceler
ometer was strategically placed near column 3 A on each floor (the 
location where vibrations were consistently reported). For each test run, 
the sensors, installed at the ground, second, third, and fourth floor 
levels, were precisely aligned along either the x or y principal direction. 
Continuous radio communication was maintained with the truck driver 
during testing to accurately pinpoint the precise moment the vehicle 
passed in front of the building at a near-constant speed of 40 kph. The 
vehicle's key characteristics (weight, path, and speed) were carefully 
chosen to closely match the parameters of the prevalent daily traffic 
conditions around the site. Fig. 6(a) presents the acceleration records 
along the y-direction, spanning from the ground level to the top floor. 

The moment the vehicle arrived (at approximately 24 s), all sensors 
simultaneously registered a sharp increase in acceleration. The 
maximum amplitude reached 0.0008 g (0.8 millig) at the fourth floor. 
The records across the floors consistently reveal that the primary 
structural response is controlled by the first mode shape, where all levels 
move coherently (in-phase) toward the same direction at any given 
instant, with displacements progressively amplifying toward the upper 
floors, consistent with similar findings in structural response studies for 
SSI [40] [41].

Consider a 2-DOF system representation with lateral displacement at 
foundation xf and superstructure xb as shown in Fig. 1(d) and as 
described in Table 1. The dynamic equilibrium can be written as that in 
Eq. 2(a) in the time domain where M, C and K represent respectively 
mass, damping and stiffness matrices, and superposed dots represents 
time derivatives. To transition Eq. 2(a) from time to frequency domain, 
each time-dependent variable and the forcing function can be repre
sented in harmonic form: xf = XfeiΩt , xb = XbeiΩt and F = FoeiΩt . The 
frequency-domain representation of the 2-DOF system [42] is provided 
by Eq. 2(b) where Xf and Xb represent the Fourier Transform of dis
placements, i =

̅̅̅̅̅̅̅
− 1

√
and Ω = 2πf is the forcing frequency [rad/s] with f 

expressed in Hz. If the forcing function is selected as Fo =

{
1
0

}

, it de

fines an assumption of foundation-only input, representing a unit force 
applied solely at the foundation DOF. This simulates the entry point of 
potential traffic-generated waves into the coupled 
foundation-superstructure system, with no direct force applied to the 
superstructure. 

[M]

{
ẍf
ẍb

}

+ [C]
{

ẋf
ẋb

}

+ [K]
{

xf
xb

}

=

{
Ff
Fb

}

(2a) 

[
− [M]Ω2 + [C]iΩ+ [K]

]
{

Xf (Ω)

Xb(Ω)

}

=

{
1
0

}

(2b) 

Fig. 6(b) displays the analytical displacement responses for the 
foundation (Xf) and the superstructure (Xb), calculated using Eq. 2(b) 
with the foundation-only input assumption. The plot located at the 
bottom of Fig. 6(b) presents the Transfer Function (TF), which is derived 
as the ratio of these two frequency-domain responses, thus, TF = Xb/Xf. 
Additionally, Fig. 6(b) includes a second set of analytical results corre
sponding to the superstructure-only input. This scenario utilized a 

forcing function vector set to Fo =

{
0
1

}

. For both sets of analytical 

Fig. 7. Tracking fundamental-frequency variation of y-direction: (a) Isolated fundamental frequency response via EMD processing; (b) FSA of isolated ground and 
superstructure responses; (c) Instantaneous Frequency calculated via Hilbert Transform.
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functions, the damping matrix C was defined using Rayleigh propor
tional damping [36], ensuring that the equivalent damping ratio for a 
given mode matches the energy-weighted values established for the 
complete foundation-superstructure system (Table 2).

Although these previous analytical expressions (equation 2) repre
sent displacement components transformed into the frequency domain, 
their Transfer Function (TF) ratio remains valid for either displacements 
or accelerations (measurements consist of accelerations). The peaks 
observed in the Fourier Spectrum Amplitude (FSA) derived from the 
analytical signals (Fig. 6b), specifically at the foundation (ground) and 
superstructure (4-th floor), align precisely with the two natural fre
quencies of the SSI system, f1-y and f2-y. In general terms, the peaks 
evident in the FSA of foundation and superstructure (the top two plots of 
Fig. 6b) are precisely located at the two natural frequencies of the full 
SSI-system, f1-y and f2-y, as expected.

Crucially, the largest peak for both the foundation (ground) and the 
superstructure (4-th floor) occurs at the first fundamental frequency (f1- 

y). Conversely, each Transfer Function (TF) shown in the bottom plot of 
Fig. 6(b) exhibits a unique peak. In the case of the foundation-only input 
TF, this peak analytically corresponds to the theoretical fixed-base 
structural condition, simulating a scenario where no SSI is present (i. 
e., a rigid foundation) [43] [44]. Analogously, the unique peak observed 
when using the superstructure-only input TF corresponds to the isolated 
foundation frequency as if no superstructure were present (which can be 
verified using the mass and stiffness parameters in Table 2). Fig. 6(c) 
presents the same analytical results structure but incorporates actual 
field records taken from Fig. 6(a). Middle plot of Fig. 6(c) was used 
previously to illustrate the existence of the two fundamental frequencies 
f1-y and f1-y-fixed, associated to the nonlinear behavior of the system with 
displacement amplitude. The bottom plot of Fig. 6(c) specifically com
pares the experimental TF with the analytical TF generated using the 
foundation-only input (taken from the bottom plot of Fig. 6b). This 
comparison enabled the identification of the building's fixed-base nat
ural frequency as f1-y-fixed = 3.02 Hz (Table 1). Furthermore, this infor
mation confirms that the structure does not behave under a 
rigid-foundation assumption, even during low-amplitude service vibra
tions. Based on the fundamental frequencies observed for the fixed 
(3.02 Hz) versus the SSI (2.53 Hz) condition (Table 1), a stiffness 
reduction of approximately 40 % is estimated due to the presence of 
Soil-Structure Interaction (SSI). Although soil flexibility reduces the 
system frequency by a minor proportion compared to what has been 
observed in larger displacement scenarios typical of earthquakes [11], 
this proportion plays an important role in the perceived vibrations 
during service conditions. The magnitude of the TF is exclusive function 
of damping of superstructure |TF| = 1/2ξb. The maximum value of the 
TF represents the condition of resonance, occurring when the excitation 
frequency equals the natural frequency. With an estimated value of ξb =

0.7%, this suggests a potential amplification factor of about 70 if 
steady-state condition were to be achieved. Crucially, while this 

maximum amplification factor does not directly depend on the soil, it is 
the soil-foundation flexibility that allows the traffic waves to transform 
into an effective input force (Ff in Fig. 1d). The actual, realized ampli
fication will approach this maximum value as closely as the input fre
quency associated with the soil stratum characteristics (Tsoil = 4 h/vs) 
falls within the vicinity of the system's SSI-frequency.

Fig. 8 illustrates the measured ground vibrations in the y-direction 
obtained from the soil surrounding the foundation, captured at a hori
zontal distance of 1 m from the foundation perimeter (bottom boundary 
in Fig. 1b). Ambient vibration records were collected across three 
designated zones—left, center (near the building's midportion), and 
right boundary—consistent with the convention used for the super
structure measurements in Fig. 5. Figs. 8(a) through 8(c) present the 
acceleration records in the time domain, while their corresponding 
Power Spectral Densities (PSD) are shown in Figs. 8(d) through 8(f). In 
these spectra, the main lateral frequencies of the building f1-x, f1-y, f2-x, 
and f2-y) are clearly marked along the horizontal axes. The values plotted 
on the vertical axes of the PSD plots were normalized using the factor 
"2 N" [26] [39] (related to the sampling size) to ensure a meaningful 
comparison across different time windows. The alignment of the 
building's natural frequencies with the largest spectral peaks demon
strates that the soil-building vibration is influencing the surrounding 
ground, as is characteristic of a system undergoing SSI. Furthermore, 
Fig. 8 reveals that the ground vibrations are significantly larger at the 
left boundary compared to the right boundary. This asymmetry in the 
ground response is consistent with the mode shapes of the building that 
exhibit noticeable in-plane torsional movement. Consistently with this 
observation, the root-mean-square (RMS) values for the acceleration 
records measured at the left, center, and right boundaries were 0.9 
millig, 0.4 millig, and 0.6 millig, respectively. These values resemble the 
controlling influence of the first mode (f1-y), which produces larger 
movements at the extreme boundaries of the building, with the largest 
magnitudes occurring at the left boundary where vibrations were re
ported. According to the spectrum presented in Fig. 8(d), a notable 
contribution to the ground movement is attributed to the system's main 
torsional frequency, identified at 3.8 Hz (as summarized in Table 1).

However, this torsional frequency is not observable in the super
structure's own vibration records (as previously mentioned and illus
trated in Fig. 5), which is expected considering its low Modal Mass (MM) 
contribution of only 1 % (Table 1). The current study leverages realistic 
modeling and actual field records to clearly illustrate the relevance of 
flexibility in both the foundation and the superstructure (evidenced by 
the modal mass ratios presented in Table 1). This comprehensive 
approach complements existing studies found in the literature where SSI 
analysis often focused solely on the rigid body movement of the super
structure supported on soft soil [7].

The simplification to a 2-DOF representation facilitated the use of 
elementary equations for the dynamic identification of the system. 
Specifically, Eq. 3 [43] was used to calculate the two main lateral 

Table 2 
Soil and Superstructure properties.

Actual 
Records

FE original, vs = 150 m/s FE altern., vs = 133 m/s 2-DOF model

MM* MM* 2 models / same foundation

Frequency ​ f [Hz] ​ f 
[Hz]

x- 
dir

y-dir error** f 
[Hz]

x- 
dir

y-dir error** f 
[Hz]

MM* error**

f1-x ​ 2.06 ​ 2.34 0.43 0.06 14 % 2.30 0.47 0.07 12 % 2.51 0.65 22 %
f2-x ​ 5.02 ​ 4.73 0.29 0.10 6 % 4.52 0.24 0.10 10 % 5.36 0.35 7 %
f1-y ​ 2.53 ​ 2.56 0.08 0.54 2 % 2.50 0.08 0.58 1 % 2.56 0.71 1 %
f2-y ​ 5.15 ​ 4.81 0.09 0.28 7 % 4.60 0.09 0.24 11 % 5.14 0.29 0 %
ftorsion ​ 3.80 ​ 3.38 0.11 0.01 11 % 3.36 0.11 0.01 12 % ​ 4-main freq. 

error =
8 %

f1-x-fixed ​ 2.77 ​ 2.54 0.53 0.08 8 % 2.54 0.53 0.08 8 % ​ ​ ​
f1-y-fixed ​ 3.02 ​ 2.91 0.08 0.66 4 % 2.91 0.08 0.66 4 % ​ ​ ​
​ ​ ​ ​ ​ ​ 4-main freq. 

error =
7 % ​ ​ 4-main freq. 

error =
8 % ​ ​ ​
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frequencies of the coupled building-foundation system along the y-di
rection. This equation incorporates the dimensionless ratios for mass (μ 
= mb/mf) and frequency (η= fb/ff), whose numerical values are provided 
in Table 1. The measured fixed natural frequency (f1-y-fixed), previously 
identified from spectral analysis (Fig. 6c), was also input into Eq. 3. The 
building mass (mb), essential for the 2-DOF representation, was calcu
lated using the combination of the fixed-base version of the full FE 
model (Fig. 9a) and the associated superstructure mass and stiffness 
matrices (Fig. 9b). To verify this SDOF representation of the super
structure, the fixed frequencies derived from the eigenvalue solution of 
the matrices in Fig. 9(b) were compared with the actual measured values 
listed in Table 1. By employing the experimentally identified SSI fre
quencies (f1-y, f2-y) from Fig. 5 and Table 1, Eq. 3 was solved for the 
frequency ratio (η), yielding a result with less than 1 % difference when 
compared to the two measured values.

The foundation stiffness (kf) for this simplified 2-DOF model 
(Fig. 1d), analogous to the representation in the full FE model (Fig. 2), 
was then estimated via the inverted frequency parameter (η) using the 
relationship kf = 4π2*mf*ff2, treating the foundation as a lumped-mass 
system. The foundation stiffness in the original model of Table 2 (total 

foundation stiffness of 2876 kN/mm) labeled as “original” was calcu
lated based on a shear-wave velocity of vs = 150 m/s corresponding to 
an upper limit according to micro-zonation studies and local explora
tions for the project. However, the foundation stiffness parameter 
determined empirically through the calibrated frequency ratio (η) was 
lower (2,491kN/mm in Table 2). This stiffness was used to back- 
calculate the effective shear wave velocity needed to match the empir
ical results, yielding vs = 133 m/s—a value 10 % smaller than the initial 
estimate. The results derived from the updated FE model incorporating 
this revised soil stiffness are referred to as the "alternative" scenario in 
Tables 1 and 2. Comparison between the 'original' and 'alternative' 
model outcomes in Table 1 concluded that the predicted natural fre
quencies were relatively insensitive to the plausible variations in shear- 
wave velocities found. In both scenarios, the frequency estimates 
derived from the FE models remained within less than 10 % difference 
with respect to the actual field measurements. Based on this outcome, 
the numerical modeling was considered sufficiently calibrated for the 
purpose of this investigation. 

f1,2
2
= ffixed

2
[

1+(1+ μ)η2 ∓

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[1 + (1 + μ)η2 ]
2
− 4η2

√ ]

(3) 

Fig. 8. Surrounding-ground vibrations along y-direction: (a), (b) and (c) are time-domain vibrations measured at surrounding foundation soil by the lower building 
side in Fig. 1(b); (d), (e) and (f) are power spectra of the respective time-domain records.

Fig. 9. Fixed-base version of the 3D FE Model and SDOF representation of building superstructure: (a) elevation-view of main y-direction mode shape; (b) mass and 
stiffness superstructure matrices derived from 3D model to calculate a one-DOF for the building superstructure.
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6. Perceptible vibration and their source

This section presents qualitative and quantitative quantification of 
the perceived vibrations and the applied forces in the system, in order to 
confirm that SSI is the main factor in having perceivable vibrations. 
Figs. 10(a) and 10(b) illustrate the magnitude of measured vibrations 
near column 3 A on the fourth floor, the area where perceived vibrations 
were reported, according to the internationally recognized Reiher- 
Meister Chart for vibration control [45]. The effect of these vibrations 
is clearly more pronounced along the y-direction than the x-direction. 
This directional dominance can be attributed to several factors: The first 
y-direction frequency (f1-y) constitutes the fundamental frequency of the 
entire system; The first fundamental frequencies in both the x and y 
directions contribute energy along the y-axis due to modal coupling; The 
presence of perimeter foundation walls creates a larger exposed area for 
the input of traffic-induced waves in the y-direction; Heavy traffic flow 
operates in close proximity to this highly exposed area. The level of 
perception indicated in these figures, when reporting x and y move
ments separately, falls into the "Barely noticeable to persons" category. 
However, considering the simultaneous occurrence of x and y move
ments, the resultant total vibration, estimated as the square root of the 

sum of the squares, would place the vibration category closer to "Easily 
noticeable to persons". The estimated natural frequency of the under
lying soil strata (fsoil-stratum = vs/4H) is between 1.6 Hz (vs = 133 m/s) 
and 1.8 Hz (vs = 150 m/s), using the micro-zonation study's 
lower-bound depth (H = 21 m).

For verification, if a shear-wave velocity of vs = 180 m/s were 
selected—a value plausible for both Type D and Type E soil profiles 
specified in the local standard [2]—the estimated soil frequency would 
be 2.1 Hz. This frequency aligns closely with the building's natural fre
quencies (which range between 2.0 Hz and 2.5 Hz in both horizontal 
directions, as shown in Table 1). The proximity between the forcing 
frequency entering the foundation-building system (i.e., the soil's nat
ural frequency, which is close to 2 Hz based on the characteristic period 
of the soil equal to 0.5 s, as indicated in the micro-zonation study [23]) 
and the building's SSI-frequency significantly determines the amplifi
cation effect of traffic waves transmitted through the soil media. The 
dynamic amplification factor from the ground level to the 4-th floor, 
calculated under harmonic excitation [46], is estimated to range be
tween 1.4 and 2.1 across the three soil velocity scenarios examined (vs of 
150, 133, and 180 m/s). An auxiliary analysis focusing on the local 
vertical vibration of the slab in the critical area confirmed that 

Fig. 10. Qualitative and quantitative estimates of vibrations perceived: (a) and (b) qualification of vibrations measured separately on y and x-direction respectively 
at 4-th floor, according to Reiher-Meister [28]; (c) and (d) estimated forces applied at foundation and superstructure for the measured vibrations along y-direction for 
two different passing-vehicle tests, based on a 2-DOF representation; (e) and (f) estimated forces applied at foundation and superstructure for the measured vibrations 
along x-direction for the same two passing-vehicle tests of (c) and (d), based on a 2-DOF representation.
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movements unrelated to SSI are not the cause of the reported discomfort. 
The slab's natural vertical frequency of approximately 14 Hz (measured 
and verified with the 3D model), coupled with a measured acceleration 
of 0.2 millig, yielded a maximum displacement of only 0.3 microns. This 
displacement is far below the threshold for human perception, as 
defined by the lower region of Fig. 10(a). Furthermore, the risk of 
perceived vibrations due to human-walking effects was conclusively 
discarded using standardized formulations [47]. Therefore, it is 
concluded that vertical movement of the slab cannot cause noticeable 
vibrations to occupants in the reported critical building area.

To verify that traffic-induced waves at the foundation level are the 
primary source of the perceived vibrations, Eq. 2(b) was utilized to es
timate the acting forces within the simplified 2-DOF system. Rather than 

assuming a predetermined forcing function, such as Fo =

{
1
0

}

(which 

represents force applied exclusively at the foundation), the right-hand 
side of the equilibrium equation was solved to account for forces 
applied simultaneously to both the foundation (Ff) and the superstruc

ture (Fb). The unknown force variables, F =

{
Ff (Ω)

Fb(Ω)

}

, were solved as a 

function of the excitation frequency, Ω. The displacement terms on the 
left-hand side of Eq. 2(b) were derived from the Fourier Transform of the 
accelerations measured at the foundation and the top floor during the 
controlled vehicle-passing tests. For the foundation DOF, these were 
calculated as as Xf (Ω) = − Ẍf (Ω)/Ω2.Once the forces were determined in 
the frequency domain, the corresponding force-time histories were 
generated using inverse Fourier transformations.

Figs. 10(c) through 10(f) present the estimated time-history forces 
applied to the foundation and superstructure during several controlled 
vehicle-passage tests. The instances of vehicle arrival (tarrival) are indi
cated along the time axes. Because these estimates are derived from a 
simplified 2-DOF model, the magnitudes are likely overestimated due to 
the assumption of uniform floor displacement, which does not account 
for actual torsional contributions.

Furthermore, as the actual magnitude of loads arriving at the foun
dation diminishes rapidly with distance from the vehicle source [48], 
this analysis focuses on the relative comparison between superstructure 
and foundation force estimates to identify the primary source of exci
tation. The input force at the foundation (Ff) represents surface waves 
generated by traffic, while the superstructure input force (Fb) accounts 
for environmental effects such as wind or internal human activity. 
Figs. 10(c) and 10(d) provide results for the transverse (y-direction), 
while Figs. 10(e) and 10(f) correspond to the longitudinal (x-direction). 
Despite the presence of minor environmental noise during field testing, 
the estimated foundation forces exhibit a distinct spike coinciding with 
the vehicle arrival time. This demonstrate that foundation-level forces 
increase significantly as the vehicle passes directly in front of the 
building. It is also observed that forces are generated at other intervals, 
as superficial waves propagate to the structure faster than the vehicle 
itself. Consistent with the system's dynamic characteristics discussed 
previously, foundation forces in the y-direction are larger than those in 
the x-direction. In Figs. 10(c) through 9(e), the ratios of 
foundation-to-superstructure forces were quantified using:1) 
Root-mean-square (RMS) values and 2) Absolute maximum values. The 
results show that the estimated forces at the foundation are, on average, 
more than 2.5 times larger than the forces acting on the superstructure. 
This significant difference confirms that superficial waves generated by 
traffic are the dominant contributor to the perceived vibrations within 
the building. This procedure of force comparison at the two DOFs of the 
system to identify the energy-input source, confirms previous results: a) 
duality of fundamental frequencies observed in ambient vibrations in 
Fig. 5, b) presence of soil flexibility evidenced by TF of Fig. 6(c), c) 
nonlinear-elastic behavior of the system by illustrating the varying 
fundamental frequency illustrated in Fig. 6(a) and Fig. 7.

7. Conclusions

This study investigated a framed four-story reinforced concrete 
building with two underground levels founded in soft soil, where oc
cupants reported perceptible vibrations at the left boundary of the top 
floor during service conditions. The method presented to identify SSI is 
based on establishing the coexistence of two fundamental frequencies, 
derived from flexibility of foundation engaged after certain trigger level, 
that still belongs to what could be called small amplitude range. In 
contrast to existing research where natural frequency changes due to 
permanent effects derived from expected large displacement scenarios 
like earthquakes, this study evidences coexistence of two fundamental 
frequencies in an elastic fashion. By utilizing ambient vibration records 
and controlled vehicle-passage tests in conjunction with 3D Finite 
Element (FE) and 2-DOF numerical models, the following conclusions 
are drawn. a) Mobilization of SSI: At extremely low overall drift ratios 
(0.0002 %), the building exhibits a flexible-foundation behavior rather 
than a fixed-base condition. This soil-structure interaction (SSI) causes 
an average reduction in natural frequency of 20 % relative to the fixed- 
base condition along the primary horizontal axis, which corresponds to a 
40 % reduction in system stiffness. b) Vibration Source and Amplifica
tion: The vibrations perceived by users are the result of traffic-induced 
waves being amplified through the superstructure due to structural 
flexibility. Furthermore, the flexibility of the soil-pile system facilitates 
the conversion of these waves into effective foundation input forces (Ff). 
c) Factors Influencing Perceptibility: Even in buildings that fully comply 
with conventional strength-based structural standards, several factors 
increase susceptibility to SSI-induced vibrations. Foundation Type, 
shallow foundations or floating-pile systems are more prone to SSI 
mobilization, Frequency Proximity, resonance-like effects occur when 
the natural frequency of the soil strata (fsoil = vs / 4 H) aligns with the 
building-foundation frequency. The approximation T ~ N/10 typically 
provides an upper-bound frequency estimate for preliminary evalua
tions. Substructure Configuration, the presence of underground stories 
increases the energy input at the foundation level due to the large 
exposed surface area of perimeter retaining walls. Traffic Proximity, the 
presence of heavy vehicle traffic in the immediate vicinity of the 
structure.

The findings highlight the need for further investigation into incor
porating flexibility and serviceability recommendations within building 
design standards. This would ensure occupant comfort by preventing 
excessive vibrations driven by soil-structure interaction. Opposite to 
current practice where SSI is focused mainly in seismic applications with 
an inelastic model, effect of SSI in service conditions may be com
plemented under the perspective of a nonlinear-elastic model. Future 
investigation of displacement-dependent flexibility of the foundation, 
would help in achieving a better understanding of the trigger levels of 
SSI in service conditions of a building. Although the method has been 
proved for the general condition of soft soil support, it may be restricted 
to rigid superstructures that do not allow for appearance of the fixed- 
base frequency.
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