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Abstract: This paper considers the impact of foundation geometry on the vibrations transferred to a
building in the vicinity of a railway line from the aspect of choosing an appropriate foundation type.
For this purpose, a 1-g scale physical model is developed that includes the main parts containing
dry sandy soil, a rigid soil container, and a five-story structure with three types of foundations,
i.e., single, strip and mat. Next, the effects of the floor slab frequency associated with the local
bending mode, the dominant soil frequency in vertical translation, and foundation geometry on the
vibration level in the building are investigated. The experimental results obtained from the impulse
loading exciting the frequency range of 0-156 Hz and scaled train axle load show that the vibration
level transmitted to the floors in a structure with mat foundation is the smallest. Additionally,
the strip and mat foundations reduced the root mean square ratio of vertical velocity on the first
floor by, respectively, almost 8% and 53% in comparison with the single foundation, confirming the
superior performance of the mat foundation. When the natural frequency of the slab bending mode
approaches the dominant frequency of the ground’s vertical motion, resonance amplification becomes
an inevitable phenomenon.

Keywords: physical modeling; scaling; 1-¢ test; ground-borne vibration; wave propagation; building
foundation geometry; slab bending stiffness; natural frequency

1. Introduction

With the urban population growing apace, the development of rail transportation
systems has become of paramount importance to cope with traffic ramifications. Therefore,
the construction of railways close to residential areas, hospitals, and other buildings that
are sensitive to vibration is inevitable. To tackle the ensuing matters in such structures
including noise and vibration, numerous researchers have probed the control methods of
vibrations generated by railway vehicles.

In recent years, many researchers have become interested in applying different types
of the finite element method (FEM) to study ground-borne vibration problems. Along with
the application of FEM to vibration analysis, physical modeling has been used successfully
in past decades [1]. Scaled physical modeling and experimental approaches are also
suitable for dealing with complex problems. The advantages of practical approaches
and experiments have been extensively documented in previous studies [2]. By contrast,
physical modeling takes scaling into account, i.e., it maps the behavior from the laboratory
scale to the full scale, to find out the response of structures in realistic conditions [1,3].
Attractive aspects of physical modeling include size reduction, simplicity, limited cost, and
the possibility to study intricate systems and processes under controlled situations. This
approach also paves the path for researchers to validate numerical and analytical findings
based on the acquired empirical data [4].
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Physical modeling is a common method in the investigation of ground-borne vibra-
tions initiated from underground tunnels [5-7], the seismic damage characteristics of a
subway structure under strong ground motions in saturated soft soil [8], the seismic re-
sponse features of geogrid reinforced rigid retaining walls with saturated backfill sand [9],
and the three-dimensional (3D) physical and numerical modeling of circular tunnels sub-
jected to seismic excitations [10].

In addition to the widespread use of scale modeling to study the behavior of under-
ground tunnels, physical and numerical models have broadly been applied in earthquake
engineering to account for the soil-structure interaction (SSI) and the influence of founda-
tion type on the vibrations in the structures [11]. The SSI effect on the seismic response
of four systems was studied [12]. Two physical models comprised of fixed and flexible
bases were utilized that underwent four scaled earthquake acceleration records [13]. Ad-
ditionally, the influence of shallow foundations on the seismic response of a fifteen-story
moment-resisting frame under earthquake excitations was inspected [14].

Certain analytical studies have addressed the impact of a series of important pa-
rameters such as Winkler—Pasternak constants, material properties, wave number, and
thermomechanical loading, among others, on the wave propagation and behavior of func-
tionally graded sandwich/anisotropic plates laid on an elastic foundation using the refined
plate theory without the shear correction factor [15-18].

3D FEM has been employed to inspect the effect of isolation using foundations on
train-induced vibrations in buildings [19]. Finite element (FE) analysis has also been imple-
mented to investigate the influence of different parameters of concrete slabs and stabilized
soil underneath the slab on vibration reduction [20]. The vibration characteristics of bal-
lasted tracks with and without a ballast mat were analyzed using numerical simulations
and field experiments [21]. Frangois et al. [22] investigated a two-story building with
three different foundation types (i.e., slab, strip and box) under traffic-induced vibrations
considering the SSI. It was found that the response of the floors was dominated by local
bending modes, and the effect of foundation type on the vertical structural response was
relatively insignificant. Auersch [23] analytically computed the vertical transfer functions
of the soil-structure system through resonance and compared the findings with field results.
The building was taken as a lumped mass on the foundation, and the influence of soil type
and foundation geometry on the vibration in different floors was neglected. Kuo et al. [24]
used a hybrid model to evaluate the effect of structure and soil parameters on the level of
vibration in the building. Their results indicated that the soil type had a more noticeable
effect on the vibrations compared to the building geometry, whereas the foundation type
had a small effect on the vibrations in different floors. Sanayei et al. [25,26] reported that
increasing the thickness of the first floor in a multi-story building could reduce the ground-
borne vibration attributed to the passage of trains. They examined a scaled-down building
to test a previously developed analytical prediction model [27]. They also analyzed the
vibration attenuation via a thick slab, indicating its applicability as an attenuator of external
vibration sources. Colaco et al. [28] ran a series of in situ tests on the structure built next to
a railway line to investigate the soil-structure interaction under ground-borne vibration
and validated their developed 3D FEM model.

The technical literature review shows the lack of a small-scale soil-structure exper-
imental study under controlled conditions focusing on the effect of foundation type on
vertical vibrations in a building while taking all of the effective parameters into account. To
fill this gap, this paper lays the groundwork for further realistic scaled-down modeling of
structures subjected to train-induced vibrations. To this end, a framework is presented for
small-scale modeling to estimate the impact of foundation geometry on the ground-borne
vibrations in a building near a railway track. This procedure includes the following steps:
(i) introducing the right scale relations and factors to model the prototype considering the
wave propagation problem, (ii) choosing the proper granular soil and rigid container with
energy-absorbing boundaries to simulate an infinite soil layer under free field conditions,
(iii) scaling down the prototype and manufacturing the adequate steel model, and (iv)
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applying the input excitations to take into account the loading effects produced through
the train passage and measuring the dynamic test data. To quantitatively evaluate and com-
pare the vibration attenuation efficacy of these three different foundation types against the
received vibrations in the soil and floors, an analysis in the frequency domain is performed
and the vibration levels of the structure model with single, strip, and mat foundations are
extracted from the test results.

2. Experimental Modeling
2.1. Prototype Structure Characteristics

The prototype selected for testing purposes is a conventional building system whose
characteristics are shown in Table 1. The building is a typical five-story concrete moment-
resisting frame. Its height and width are 15 and 6 m, respectively. The central lines of the
columns are 5.5 m apart in two directions. The lateral dimension of the concrete slab of the
floors is 6 m and its thickness is 0.15 m. The dimensions of the column cross-section are
0.5 x 0.5 m and the net center to center height is 3 m. The building is resting on single
footings that are 2 m wide, 2 m long and 1 m thick, as shown in Figure 1. It should be noted,
that the conventional buildings with ordinary floor dimensions have the first local bending
mode frequency of the slab in the range of 8-16 Hz [24,28].

Table 1. Prototype structure specifications.

Structural Dimensions I\/E:;itlllcxs, P(;gi?(:’s Dtllnassisty, Total Mass,
Members (m) E (GPa) v (=) p (kg/m®) (ton)
Single foundation 2x2x1
Column 05x05x3 25 0.2 2500 145
Slab 6 x6x0.15
6m

I5m

(a)

! Fr=10.28Hz Fr=10.50Hz

b
R

(b)

Figure 1. Dimensions and local bending mode frequencies of the floors in the prototype structure:
(a) prototype structural dimensions and (b) fundamental frequencies of the fifth, third, and first floor
related to the local bending mode shapes.
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This real prototype structure was developed in the commercial FE package ABAQUS [29]
to find out the slabs” dynamic properties [30]. The FE model of the prototype structure was
simulated as depicted in Table 2. The local bending mode frequency of the fifth slab in the
prototype building was determined to be 10.07 Hz. Moreover, the fundamental frequency
associated with the local bending mode of the slabs from the fifth to the first floor was obtained
at the interval of 10.07-10.50 Hz [30,31].

Table 2. Characteristics of the FE structural model.

Structural Members Element Name Element Type Description

4-node structural Doubly curved
Floor slabs S4 general-purpose shell,

element o .
finite membrane strains

Columns C3D8 8-node linear brick 3D solid continuum

Foundations C3D8 8-node linear brick finite elements

2.2. Scaling Laws

Full-scale field experiments take advantage of realistic conditions. Nonetheless, scaled-
down physical modeling as a cost-effective method simulates complex systems under
controlled conditions and provides a real insight into the basic working mechanisms in
such systems [13]. Designing the physical models depends on the similarity ratios of
the prototype to the model from large to small scales and from 1-g to N-g [32]. To build
up a scaled physical model, one should consider what follows. First, the design of the
physical model depends on the purpose of the study and the features of the prototype.
Second, the basic physical variables required in the similitude rule must be identified and
confirmed [4]. The similitude rules concerning various physical and mechanical variables
that were introduced by Buckingham'’s 7t theorem in dimensional analysis theory were used
to evaluate the characteristics of the vibration response of the soil and structure in a scaled
model [9]. Regarding the linear elastic behavior of the materials due to the railway-induced
excitations [33,34], a series of scaling factors are considered for the soil and structures.

To truly model the full-scale structure, all three conditions, i.e., geometric, kinematic,
and dynamic similarities, must be maintained. Geometric similarity defines a model and
prototype with comparable physical dimensions. Kinematics similarity refers to a model
and prototype with similar particles at similar points at similar times, such that the model
is dynamically akin to the prototype as long as the corresponding parts of the model and
the prototype are subjected to the homologous net forces [35]. The scaled models meet the
requirements of similarity to the prototype to varying degrees. Therefore, the researchers
may categorize them as “true”, “adequate” or “distorted” models [36].

An adequate model—an appropriate approximation used in this research—scales the
primary characteristics of the problem, with secondary influences being allowed to deviate,
while the prediction equation is not significantly affected. 1-g scale modeling is applied where
g represents the gravitational acceleration. Additionally, [, and [;; represent the length in
prototype and model scale, respectively. According to the Froude constant (Fr) of the 7
theorem that must be kept equal to unity, the Froude constant can be expressed by the shear
wave velocity of soil, vs. Hence, the geometric similitude ratio, A;, of the test model could be
obtained by Equation (1), whereas Equation (2) is known as the Cauchy condition [36].

v 02 (v3) (03)
F=r=- 5 2 mo P 1
"Tlg  lg In.g Ip.g @
2
1 v
A== (0:), )
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By defining the length, density, and acceleration as the fundamental physical and
mechanical parameters of the soil and structure model, the testing is thus conducted in a 1-g
environment that considers equal accelerations for the model and prototype. Furthermore,
a model with the density similar to that of the prototype is desired. Accordingly, the scale
relations can all be derived in terms of the geometric-scaling factor, A;. Based on the size of
the container and the structure, the length scale ratio (prototype to model) in this study
was selected as A; = 20. The similitude ratios and relations of different geotechnical and
structural parameters in the 1-g test are given in Table 3. The mentioned scaling relations
have been utilized by several researchers heretofore [13,35].

Table 3. Scaling relations in terms of geometric-scaling factor, A; [13].

Mass .
Density 1 Acceleration 1 Length Ay
Force AP Shear wave A2 Stress A
velocity
Stiffness A2 Time A1/2 Strain 1
Elastic _ L
modulus A Frequency A2 Flexural rigidity AP

2.2.1. Scaled Structure

In this experimental study, the adopted structural model simulates most of the struc-
tural properties related to the prototype building such as the frequency of local bending
modes, number of stories, and mass. Consistent with the scale factor 20 (the ratio of the
prototype to the true model) as mentioned in the previous section, the dimensions of
the model are obtained through this geometric scaling; the height, length, and width of
the structure’s physical model were determined to be 0.75, 0.30, and 0.30 m, respectively.
According to Table 3, the scaling factor between the local bending mode frequency of the
scaled model and that of the prototype is derived from:

fr 1
=—=0224 (©)]
fm VA
As stated earlier, the frequency of the fifth-floor slab of the prototype is f, = 10.07 Hz,
and hence f;; = 45 Hz. Furthermore, based on Table 3, the density of the model should be
equal to that of the prototype and consequently, the mass of the prototype is M. The true
model mass M, is thus found from:
My _pv Vo

3 _
7 il e (A)? = M, = 18.125kg @)

In accordance with the above discussion, the required characteristics of the true
structural model are listed in Table 4.

Table 4. Scaled true model specifications.

Structural . . Elastic POISS?H S Mas.s Total Mass,
Members Dimensions (m) Modulus, Ratio, Density, (kg)
E (GPa) v (-) p (kg/m’)
fos;réilgon 0.1 x 0.1 x 0.050
1.25 0.2 2500 18.125

Column 0.025 x 0.025 x 0.150
Slab 0.3 x 0.3 x 0.0075

Since it is not feasible to manufacture the scaled true model with dimensions and
material properties shown in Table 4, after determining the specifications of the true
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model, to fit the required dynamic similarities including frequency and mass of the true
and adequate model, a 3D numerical model was implemented in ABAQUS as explained
above [29]. The scaled adequate model was made using steel, and the thickness of steel
plates and the height of bar columns in the adequate model were determined in the design
process after several cycles of trial and error to match the required bending mode frequency
and mass. The adequate model consists of five steel plates as floors and four vertical steel
bars as columns. ST37 steel plates were implemented according to DIN17100, EN10025-2
(Structural Steel), with a minimum yield stress of 240 MPa and minimum tensile strength of
360 MPa. In addition, steel bars were grade Al 230-380 MPa. If the employed materials are
both isotropic and elastic, then the bending stiffness of the slabs and columns are the main
parameters affecting the local bending mode frequency of floors as explained by [20,37].
Since the wave propagation caused by railways yields small strains, the material behavior
in the current study was assumed to be linearly elastic [33,34].

Ef
Ds = ——se 5
*T12(1-12) ©)
12E1
D. = 3 (6)

where D; and t are, respectively, the plate bending stiffness and thickness. Additionally,
D,, I, and L are the column bending stiffness, moment of inertia, and length, respectively.
The columns and floors are joined by welds. It is known that the foundation type does not
affect the slab bending mode frequency [30]. After the numerical modeling and design
iterations, the adequate structural model was constructed in the laboratory, as summed up
in Table 5 and shown in Figure 2.

Table 5. Scaled adequate model specifications.

Structural . . Elastic Yield PmssFm s Total Mass
Members Dimensions (m) Modulus, Stress, Ratio, (kg)
E (GPa) Y (MPa) v(-)
Bar column 0.010 4 x 0.200 230
Slab 0.297 x 0.297 x 0.001 200 240 0.3 5.77

Figure 2. Adequate model built from structural steel.
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0.3

2.2.2. Foundation Properties

To build steel foundations in the laboratory and investigate the effect of foundation
geometry on the received vertical vibrations and the level of transferred vibrations to the
floors, three different foundations, namely single, strip, and mat foundations, were devised
as presented in Table 6. An effort was made to keep the weight of all three foundation types
nearly constant (see Figure 3 for a schematic representation of the foundations). The key
reason for the observed unequal weight is the flame-cutting error when manufacturing the
plates and the small changes in the thickness.

Table 6. Specifications of three types of foundation in the scaled model.

Fou;yd;etion Dimensions (m) l\/f(::liltllfls, POiSS:/)l‘(I'j)R atio, Mass (kg)
E (GPa)

Single 0.1 x 0.1 x 0.040 12.88
Strip 0.1 x 0.013 200 0.3 12.85
Mat 0.4 x 0.4 x 0.010 12.78

0.3 0.4 I

0.1

€0
€0

> >
—> W
—> w
—> 0
0
— 0

4

(a)

(d)

|_
'_

(b) (c)

g £
] g m— | Ery ,

(e) ()

Figure 3. Schematic representation of studied foundations: (a) single foundation, (b) strip foundation,
(c) mat foundation, (d) A—A cross section, (e) B-B cross section, and (f) C—C cross section.

2.3. Soil Properties

Several studies in the field of soil vibrations induced by railway excitation were based on
the simulation of an idealized infinite soil stratum spreading on the bedrock [38]. The material
used in geotechnical physical modeling should be repeatable, operator-independent, and
result in an allowable deviation from soil conditions [39]. In order to study the soil behavior,
the unit weight, as well as the elastic and strength parameters, should be considered.

The coarse-grained material (i.e., sand) is widely used to simulate the soil because of
its limited number of parameters [40]. The behavior of sand depends principally on the
friction angle and density. The scale factor for the friction angle is equal to unity, which
facilitates the physical model construction. The sand provides the main privilege of an
identical friction angle for the prototype and scaled model. For this reason, different types
of sands are generally used to simulate the soil [4,41]. In this test, poorly graded sand
(SP) of Firoozkooh with a particle size of 0.4-1 mm and the relative density Dr = 70% was
used for empirical studies. Firoozkooh sand is a well-documented sand type in Iran. The
specifications are presented in Table 7 based on previously conducted static tests [42,43].
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Table 7. Specifications of Firoozkooh sand (SP) [43].

Parameter Cohesion Friction Angle Unit Weight Relative Density
Symbol C ¢ 0% D,
Unit kPa (°) kN/m? %
Value 0 37 16.3 70

2.4. Chamber Specifications

Most studies use rectangular rigid containers —as the simplest case with no moving
parts—to closely imitate the 3D wave propagation resulting from ground-borne vibrations.
In such dynamic tests, an unwanted reflection of waves from the container boundaries
is of notable importance. Various researchers have used energy-absorbing materials to
reduce the effects of reflected waves from the container boundaries. In some studies, as
an energy-absorbing material, duxseal (with a thickness of 30 mm) has been mounted on
the bottom and sidewalls of the container to absorb the reflected waves [5-7]. Several
researchers utilized absorbing material including commercially available conventional
foams to minimize the generation and reflection of body waves from rigid walls [38,44].
Additionally, thick layers of polystyrene minimize the reflection of outward propagating
waves back into the model. In many studies, 25 mm thick absorbing layers of polystyrene
foam sheets were installed on the last walls of the soil container to simulate viscous
boundaries in the free field conditions, henceforth named FF [13,36].

In the present study, a physical model was constructed around a rigid steel container.
Its width, length and height were 2, 1, and 0.8 m, respectively [43]. To reduce the reflected
surface waves from boundaries, soft materials consisting of conventional foams with proper
dimensions and a thickness of 50 mm were installed on the sidewalls of the container, as
seen in Figure 4.

(b)

Figure 4. Soil and container used in the physical model: (a) rigid container and absorbing boundaries,

(b) sandy soil poured and compacted into the container.
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2.5. Model Construction

As specified above, a box with the dimensions 2 x 1 x 0.8 m was used for the
construction of the test model. Assuming bedrock at the depth of 14 m, the test box was
filled to a height of 70 cm. The dry sand was poured into layers of 10 cm thickness, and
each layer was compacted by a laboratory roller and vibrator. During the compaction of
each layer, the dry density was measured continuously to ensure a relative density of 70%.
Figure 5 illustrates the scaled structure with various foundations on the soil [43].

Figure 5. Scaled model with three types of foundation on the sandy soil: (a) scaled model with single
foundation, (b) scaled model with strip foundation, (c) scaled model laid on the mat foundation and
data recording instruments.

2.6. Model Instrumentation

As observed in Figure 6, an array of uniaxial accelerometers was installed at respective
points of the model to measure the dynamic response of the soil and structure. To evaluate
the efficacy of absorbing foams, three accelerometers, ACC2, ACC3, and ACC4, were
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placed on the soil surface at constant distances of 40 cm from the input load point on the
perimeter of a circle. Furthermore, ACC5 and ACC6 were situated at regular intervals
from the load point and in the midline of the soil container (at the same distances from
the sidewalls). Finally, ACC7, ACC8, and ACC9 were located at the midpoint of the floor
slabs. An electromagnetic shaker was utilized to induce dynamic vibrations, as seen in to
Figures 4 and 5. The complete collection of the setup instruments is provided in Figure 7
including the computer, data logger, amplifier, and shaker. The data acquisition system
was ECON AVANT MI-7016 [45], and the sensors specifications are summarized in Table 8.

90 cm

30 cm

40 cm

40 cm

20cm_ 20 cm

40 cm

Point 1
Input
Excitation

ACC6

Typical
Foundation

(a)

80 cm

100 cm

1000 mm

(©)

Figure 6. Instruments located in the soil and on the floors: (a) top view of the container and

experimental setup on the soil, (b) side view of the soil container, (c) instruments located on the floors.
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PC and Analyzer Data logger
ABITEE * ‘ug
S E e e e e
y Shaker
Amplifier
e ————
N A
AHAIHRA
B 9w NN
Figure 7. Experimental setup and instruments.
Table 8. Response channel and accelerometer properties [45].
Accelerometer Mass Measuring Frequency Sensitivity
Channel Type Model (gr) Capacity (G) Range (Hz) (mV/m/s?)
Response uniaxial CA-YD-1160 5 50 1-5000 ~10

The shaker was fixed on top of the soil container by a steel frame made of welded box
profiles, as seen in Figure 4. To guarantee accurate measurements, the sampling frequency
was taken as 2560 Hz, which is at least 16 times the maximum frequency component of
the measured signal. Since aliasing errors should be eliminated, all measured signals were
filtered by a low-pass digital eighth-order filter in MATLAB that removed higher-frequency
components in the range of 0-156 Hz (model scale). A modal hammer was used to apply
an impulse input to ensure the accuracy of results in some tests, as depicted in Figure 8.

Figure 8. Modal hammer used to apply the impulse input in certain tests.

2.7. Input Excitations

The considered input for the model should take the loading effects produced by
the train passage into account. According to previous studies, train-induced vibrations
generally occur along the vertical direction. For heavy-haul trains yielding the largest
vibration amplitudes in surrounding buildings, the frequency has been reported to go up
to 35 Hz [46]. If the effect of railway-induced vibrations on residents’ comfort or structural
integrity is of interest, the frequencies up to 80 Hz are important with particular attention
in the range between 5 and 20 Hz. Higher frequencies are diminished by the soil [34].
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Moreover, given the maximum axle load of passing trains in field surveys between 100 and
150 kN [30] and considering the scale relations in Table 3, the magnitude of forces applied
on the experimental model was scaled to 15-30 N, as seen in Figure 9.

Impulse Input Frequency Content of Impulse
250 ¢ 0.07 ‘
E .06 - N —Input Al
200 £ 046
N
Z 0.05 4
~150 - zZ
E 2.0.04 1
2 3
o 100 - =0.03
& )
s £
= 50 A HCE
[ 0.01 A
0 i e
oft 03 0.5 0.7 0}o 0
F 0 50 100 150 200 250 300
-50 -
Time (sec) Frequency (Hz)
(a) (b)

Figure 9. Applied impact load: (a) time history and (b) frequency content of impulse input Al.

For implementing both frequency and time domain analyses, two types of input
vibrations were applied to the scaled model. The first type was impulse loading, which
produces the entire frequency range up to 156 Hz, as illustrated in Figure 9. This input
was adopted to determine the resonance frequency and elastic response of the soil and
structure. The second vibration input was a sinusoidal sweep load used to obtain the
frequency response function of the model. Given the natural frequencies related to the
soil’s vertical motion and the floor slab bending mode (frequency around 45-50 Hz), the
frequency of the sweep load was limited to 100 Hz, as seen in Table 9.

Table 9. Input loads applied to the scaled model.

. . Frequency Band
Set Vibration Type No. (Hz)
A Impulse Al 0-156

Bl 20
B2 30
B3 40

B4 42,5
B5 45

. B6 47.5
B Harmonic B7 50
B8 60
B9 70
B10 80
B11 90
B12 100

3. Results and Discussion
3.1. Free Field Response

First, the dominant frequency concerning the soil’s vertical motion in the FF,
i.e., in the absence of a structure, should be determined. To meet this criterion, the type
Al impulse load that excites the entire considered frequency range was applied to the soil
using the shaker. Figure 10a displays the time history of the output acceleration in ACC4,
and Figure 10b shows the soil frequency response in the frequency band 5-156 Hz. The
frequency content of the FF response was dominated by a first peak around 49 Hz, which
is related to the vertical translation of soil. In addition, a closer inspection of this figure
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<

Acceleration(m/s2)

-0.008 £

0.01
0.008

0.006 £
0.004 +
0.002 £

>
1
T

-0.002 +
-0.004 -
-0.006 '

indicates the dominating frequencies of the higher modes of the soil’s vertical motion: 62,

65, 68, 74, and 81 Hz. Each experiment was performed three times in sequence to avoid any
possible errors.

FF Model

104 FF Model
E T T 1.8
£ || Input Al —ACC4 1.6 -
N14 68
= 65
%12
£ 62
= 17
£0s8 [49] 81
+ L L St
0 06 08 12 14 g06 1
Zo4
0.2 -
0 .
0 50 100 150
Time (sec) Frequency (Hz)
(a) (b)

Figure 10. Time history and frequency contents of the FF response: (a) time history of acceleration;
(b) frequency content of the FF response.

3.2. Performance of Absorbing Boundary

As indicated in Section 2.6, the performance of the absorbing boundaries can be
evaluated by placing ACC2, ACC3, and ACC4 at the same distance of 40 cm on a circular
perimeter with the center being the load point. According to Figure 11, no matter where the
location of the accelerometers was, the foams performed efficiently as absorbing boundaries
since the Fourier amplitude did not change in the three positions. One concludes that
the waves reflected from the end walls did not affect the FF response, which is in good
agreement with previously conducted research [44].

x104 FF Model
2
1.8 {1 | Input A1 —ACC2
--A
i) oS
Z14
>»
E12
2 1
§ 1
S 0.8 -
2
E 0.6 -
= 0.4 -
0.2 -
0 : N \*\‘—A .
0 50 100 150

Frequency (Hz)

Figure 11. Frequency content of the FF response, ACC2, ACC3, and ACC4.
3.3. Structural Response

This section evaluates the fundamental frequencies concerning the bending mode of
the floor slab in the scaled model. Initially, to confirm what is described in Section 2.2.1,
load type Al was applied to the soil in the presence of the structure on the mat foundation,
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and the outputs of ACC7 to ACC9 were acquired. Additionally, the frequency response
of the first, third, and fifth slabs was calculated, as seen in Figure 12. The response of the
floors is dominated by first local bending modes [22].

Mat Foundation, Input A1

1.2
ACC9 ™48 —Story-5
<5 11| AcCs —Story-3
s ACC7
~ Story-1
<20.8
£
g
2.0.6 1
5 —149
204 -
o
=
o
0.2 1

L ‘nW«L N T

20 200
Frequency (Hz)

0 ba oA o conmhha oonom Aobonade s

Figure 12. Frequency content of the slab response.

Resonance frequencies of the slabs were found from the peaks in the frequency domain.
The experimental assessment focused on the mode shapes and natural frequencies of the
structure associated with the bending mode of slabs [28]. The resonance points in the
frequency content of the first-, third- and fifth-floor responses signified the frequencies 48,
47 and 45 Hz in descending order. The peaks on the diagram imply the natural frequency
of the slabs corresponding to the slab local bending mode. The amplitude of the resonance
frequency of the first floor had the highest value. The reason is that the natural frequency
of the slab was close to the dominant frequency associated with the vibration mode of the
soil’s vertical motion. Moreover, at a frequency of 49 Hz, a peak with a smaller amplitude
could be seen on the green line related to the first floor, which is the peak associated with
the soil.

The sinusoidal load types Bl to B12 as presented in Table 9 were applied using the
shaker at a distance of 100 cm from the center of the experimental scaled structure with
a mat foundation while ACC7, ACC8 and ACC9 measured the acceleration data of the
first, third and fifth floors, respectively. Next, each time history was divided by its absolute
maximum value to become normalized in terms of amplitude. These normal accelerations
were added in accordance with the superposition principle, shown in Figure 13. Finally,
the frequency response was acquired which is shown in Figure 14. For a detailed view, 4 s
of the acceleration time history are presented in Figure 13; however, the test data have been
recorded for up to 6 s.
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Figure 13. Normalized acceleration time history at the first, third and fifth floors: (a) first floor;
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Figure 14. Frequency contents of the first, third and fifth floor responses: (a) first floor; (b) third floor;
(c) fifth floor.

Figure 13a—c display the time history of normal accelerations. In Figure 14a—c, the peak
of the frequency response diagram is detectable around 45 and 47.5 Hz at the fifth, third
and first slabs, respectively, confirming the occurrence of the resonance at the frequency
associated with the bending mode of slabs. Due to the closeness of the natural frequency
of the first and third slabs to the frequency of the harmonic input at 47.5 Hz, these two
frequencies are indiscernible. On the other hand, while the dominating frequencies of the
vertical ground motion approach the local bending mode frequency of slabs, the Fourier
amplitude increases at these resonance frequencies rationally.

3.4. Effect of Foundation Geometry

According to previous studies, to examine the effect of foundation geometry on the
received vibrations in the developed scaled structure, the impact of vibrations caused by
the input type Al on the first-floor slab should be studied. As the human body responds
to the average amplitude of a signal, the root-mean-square (RMS) of the signal is used
to inspect the vibration levels. The RMS value was used as a measure of the vibration
magnitude for evaluation and comparison purposes [47]. To this end, as suggested by FTA
regulations, the RMS for the velocity term was used to study the vertical vibrations [48].
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As mentioned above, three different foundations were considered. The weight of these
foundations was almost kept constant throughout the tests. The values in column (4) of
Table 10 indicate that the wave transmission factor (TRF)—obtained via dividing column (2)
by column (3) in Table 10—in the structure with a mat foundation had the minimum value.
This illustrates the proper performance of the mat foundation in comparison with other types,
as depicted in Figures 15d and 16. Furthermore, the values of column (5) imply that the
RMS Ratio (RR)—column (2) divided by the array of column (2), row (2) in Table 10—was
also significantly reduced in the structure with a mat foundation. It was the corollary of the
uniform performance of this foundation type according to Figure 16. The values of column
(4) exceed unity due to the approaching natural frequency of the slab local bending mode to
the dominant frequency associated with the vertical translation mode of soil. This issue has
culminated in the appearance of resonance and, consequently, the growth of TRE.

Table 10. Transmission factor and RMS ratio of three foundation types.

- (1) (2) (3) (4) (5)
Foundation Average velocity Average velocity Transmission = RMS Ratio
(1) Geomet RMS (m/s) on the RMS (m/s) on Factor (TRF) (RR)
™' First Floor, ACC7 the Soil, ACC6
(2) Single 2.58 x 10~° 14.33 1.00
(3) Strip 2.37 x 107° 1.80 x 107 13.21 0.92
(4) Mat 1.20 x 107 6.69 0.47
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5 12
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Figure 15. Vibration RMS of the FF and first floor in the structure with single, strip and mat founda-
tions: (a) FF; (b) first floor; (c) average RMS of FF; (d) average RMS on the first floor.
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Figure 16. TRF and RR of first floor in the structure with single, strip and mat foundations.

The values in column 5 clearly indicate the improved performance of the mat foun-
dation in terms of RR. A satisfactory agreement was achieved with a prior study that has
concluded that using a mat foundation reduces a building’s response to vertical vibrations
remarkably [46]. The RR in the structure with strip and mat foundations decreased by
about 8% and 53%, respectively, compared with the single footing. These values show a
significant reduction due to the structural integrity in vertical vibrations and are in good
agreement with other works [30,46]. This is partly in contrast to ref. [24] that concluded
that the effect of the foundation geometry on the vertical structural response was relatively
insignificant. The effect of foundation geometry on the level of vibrations in the struc-
ture seems to be also dependent on the soil type, which has somewhat been neglected in
preceding studies.

4. Conclusions

The present study exhibited an organized approach for the scaled modeling of a
typical five-story concrete moment-resisting frame subjected to train-induced vibration.
To this aim, 1-g scale modeling, where g is gravitational acceleration, was implemented
and the geometric-scaling factor, A; (prototype to model) was considered to be 20. To form
the test model, a rigid container was meticulously manufactured from steel plates and
the conventional foams were placed on the side walls as energy-absorbing boundaries.
Dry sand was poured in layers and compacted by a laboratory roller to achieve a relative
density of Dr = 70%. Consistent with the simulation factor A; = 20, the scaled structure was
made using five steel plates as floors and four vertical steel bars as columns with welded
connections. Three foundation types, namely single, strip and mat, were utilized in the
steel experimental model, seeking the effect of foundation geometry on the ground-borne
vibration in the building. The weight of all three foundations was kept almost constant.

An array of uniaxial accelerometers was installed at respective points of the test model
to measure the required dynamic response. The scaled impulse and harmonic inputs were
applied for the realization of the natural frequencies and linear elastic dynamic responses
of the soil and structure. All presented results are in the model scale. In the following lines,
the remarkable outcomes are summarized:

1.  Based on experimental modeling, the frequency content of FF response was dominated
by the frequencies of the vertical translation modes, i.e., 49, 62, 65, 68, 74, and 81 Hz.

2. The experimental measurements concentrated on the mode shapes and natural fre-
quencies of the structure associated with the first local bending mode of slabs. The
resonance points in the frequency response of the slabs signified the frequencies
45, 47 and 48 Hz corresponding to the fifth, third and first floors, respectively, in
ascending order.

3. As the bending mode frequency of the floor slab approached 49 Hz, the Fourier
amplitude was sharply amplified.
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An assessment of vibration level in the soil and on the floors as the main indicator that
quantitatively depicts the effectiveness of the evaluated foundations subjected to ground
vibration is listed below.

4. The vibration level transmitted via foundations to the floors, i.e., TRF, had the min-
imum value in the structure with a mat foundation, displaying the best efficiency
among all foundation types.

5. The RMS ratio (RR), which is defined as the RMS of other foundation types divided by
that of a single one, confirms the decreasing operation of the mat foundation vis-a-vis
other types, generated by its rigidity.

6. Inagreement with item 3, it should be emphasized that the TRF values exceeded unity
since the bending mode frequency of the floor slab tended to approach the frequency
of the soil’s vertical translation, leading to resonance amplification.

7. The strip and mat foundations caused RR to diminish on the first floor by, respectively,
about 8% and 53% compared to the single footing. This is a notable achievement,
particularly in satisfactory agreement with previous works. In the end, it is proposed
to implement the same experimental investigation making use of other soil types and
multi-span frames.
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