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Abstract

Due to immense infrastructure development activities, a study on the vibration generated by heavy machinery, construction
activities, highway and railway traffic movements has gained importance in recent years. The present study investigates the
influence of shape on the system and vibration transmission characteristics of block machine foundations under dynamic
loading. A series of block vibration tests were conducted on model foundations laid on the local soil available at IIT Kan-
pur, India, to evaluate the system characteristics of machine foundations. The vibration transmission characteristics of the
foundations were investigated using a 3D finite element (FE) analysis. Three different shapes of foundation (circular, square,
and rectangular) were considered for the intended purpose. The effect of the loading intensity on various parameters such
as natural frequency, soil stiffness, and damping coefficient was investigated. In addition, the shape effect of foundations
on the dynamic shear strain, shear modulus, and the elastic uniform compression coefficient was suitably assessed. The
efficiency of a wave barrier in mitigating the machine-induced vibration was investigated. It can be observed that the shape
of foundations significantly influences the system characteristics. The circular and square foundations perform better than
the rectangular foundation at higher loads. In contrast, the vibration transmission characteristics of block foundations are
unaffected by the shape of the foundations. The transmission ratio decreases with an increase in the frequency at the pick-up
points located away from the vibration source. It can be noted that the absolute damping varies significantly in the presence
of the wave barrier at higher frequencies.
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Introduction foundations may be of different shapes depending on the

nature of the operating machinery. The shape of the foun-

In recent times, due to rapid urbanization and scarcity of
land, heavy machinery in several industrial projects affects
the serviceability of nearby residential structures notice-
ably. The vibrations induced by such activities also cause
discomfort to the residents and affect the functioning of
different sophisticated instruments installed in the vicinity.
Hence, a study on the vibration transmission characteris-
tics under machine excitations is of paramount importance
to understand the effect of induced vibration [1, 2]. The
vibration characteristics of different machine foundations
help us understand and subsequently design a structure as
per the serviceability norms of the structure [3, 4]. Such

4 Priyanka Ghosh
priyog @iitk.ac.in

Department of Civil Engineering, Indian Institute
of Technology Kanpur, Kanpur 208 016, India

dation influences the dynamic properties of soil, such as
approximate maximum dynamic shear strain developed in
soil (7,,,), shear modulus (G), and elastic uniform compres-
sion coefficient (C,). The dynamic properties of soil vary
significantly over a range of loading intensities in block
vibration tests [5]. Hence, it is a gripping task to investigate
the influence of footing shape on the system characteristics
of machine foundations. The vibrations under the action of
dynamic load produce both body and surface waves. Though
the surface waves generally attenuate at a lesser rate than the
body waves, their effect needs to be studied appropriately
to mitigate the vibration-induced hazards [6]. The effect
of such unwanted ground-borne vibration can be reduced
by adopting various techniques such as modification of the
attenuation characteristics of soil, application of wave barri-
ers, or employment of damping devices in the form of base
isolators [7-9]. Vibration mitigation using base isolators can

@ Springer


http://orcid.org/0000-0001-9223-2287
http://orcid.org/0000-0002-9990-0468
http://crossmark.crossref.org/dialog/?doi=10.1007/s40891-021-00347-x&domain=pdf

2 Page2of16

International Journal of Geosynthetics and Ground Engineering (2022) 8:2

be an efficient alternative for mitigating earthquake-induced
vibration. However, the implementation of such base isola-
tors may turn out to be costly. If not implemented correctly,
the soil characteristics near the structures may reduce the
service span of the structures, which is undesirable [10].
Hence, in such cases, the wave barriers can be an ideal
choice to avoid vibration-induced hazards [11]. The wave
barriers can be implemented efficiently and economically
in the form of open or in-filled trenches, which effectively
mitigate the vibrations generated by various sources [12,
13]. Several researchers reported that the geometric prop-
erties of wave barriers and the dynamic properties of soil
significantly affect the vibration screening performance [14].
Previous analytical studies [15, 16] and laboratory-scale
model tests [17, 18] reported the effect of shape on the sys-
tem characteristics of machine foundations. However, the
impact of loading intensity on the vibration transmission
characteristics of machine foundations has not drawn much
attention from researchers. The present study explores the
influence of foundation shape on the dynamic properties of
soil through a series of field-scale block vibration tests with
different geometries of block foundations. The dynamic
properties of soil were evaluated by measuring the response
near the source of vibration. The responses of different
machine foundations were compared with the theoretical
approaches to bolster the experimental findings further. To
understand the shape effect, the evaluated dynamic proper-
ties for various foundations were compared. The vibration
transmission characteristics of the block foundations were
examined by conducting the three-dimensional finite ele-
ment (FE) analysis in ABAQUS. By following the recom-
mendation of Ghosh [19], a dynamic load was considered in
the FE analysis to capture the vibration response of the soil.
In addition, the effectiveness of wave barriers in mitigating
machine-induced vibration was examined.

Experimental Set-up
Instrumentation

The vertical load was employed using a Lazan type mechani-
cal oscillator, which consists of eight different positions of
eccentric masses, as shown in Fig. 1. The angle between the
eccentric masses can be varied to change the loading inten-
sity. The oscillator employs the principle of the vector addi-
tion of two centrifugal forces to generate a resultant sinusoi-
dal vibration. The specifications of the mechanical oscillator
are described in Table 1. The magnitude of the vibrating
force depends on the angular frequency and the eccentricity
angle between the central and the extreme masses. Eccen-
tricity may vary from 0° to 180°, and the force generated by
the mechanical oscillator (F,) can be determined as
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Fig. 1 Cross-sectional view of mechanical oscillator: a eccentric
masses and b shaft

Table 1 Specifications of mechanical oscillator

Property Value

Dynamic force (kgf) 2185

Eccentricity knobs 8

Output specification (HP) 3

Frequency range (Hz) 0-70
2 0\ >

F,=m,.e.0” = (0.2684 cos 5)® (1

where m, is the unbalanced mass of the oscillator, e is the
centre to centre distance between the shaft and the unbal-
anced masses,  is the operating angular frequency, and
is the angle between the eccentric masses. The tests were
performed at three different eccentric mass settings such as
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Fig.2 Force generated by mechanical oscillator at different eccentric
force settings

Table 2 Specifications of accelerometer

Parameter Value
Model 603C02
Acceleration range (g) +10
Sensitivity (output) (mV/g) 550
Power supply (V) 5
Broadband resolution (ug) 300

100°, 120°, and 140°, generating the forces as 0.172 N-sec?,
0.134 N-sec?, and 0.09 N-sec”. It is worth mentioning that
the eccentric angle denotes the angle between the central
shaft and the extreme masses. Figure 2 depicts the force
generated by the mechanical oscillator at various frequencies
and different eccentric force settings.

In the present investigation, low g high output accelerom-
eters were used, where g represents the acceleration due to
gravity. Being an industrial piezoelectric sensor, the accel-
erometer measures the dynamic response of the system. It
uses a piezoelectric sensing element to convert a mechanical
phenomenon to an electrical signal. The specifications of
the accelerometer are given in Table 2. The response data
of the accelerometer was collected by a four-channel data
acquisition system (DAQ). The DAQ consists of cables,
measurement hardware, and a computer system with pro-
grammable software. The specifications of the DAQ used
in the present study are given in Table 3. Vertical excitation
was applied using the mechanical oscillator mounted on the
foundation, as shown in the experimental set-up (Fig. 3).
The oscillator was clamped to the foundation using a nut and
bolt arrangement. The soil properties at the field location
were adopted from Swain and Ghosh [20] and reported in

Table 3 Specifications of DAQ system

Description Value
Model NI cDAQ-9171
Input FIFO size (samples) 127
Maximum sampling rate (samples/sec) 25,000
Timing accuracy (ppm) 50
AC motor
Belt
Oscillator
(Vertical excitation)
Accelerometer
Speed control K
unit Perspex plate
Block
foundation DAQ
Soil

Fig.3 Experimental set-up with instrumentation

Table 4 Index properties of soil after Swain and Ghosh [20]

Index property Value
Liquid limit (%) 28.88
Plastic limit (%) 18.51
Plasticity index 10.37
Specific gravity 2.62
Sand fraction (%) 15.00
Silt fraction (%) 71.00
Clay fraction (%) 13.00
Optimum moisture content (%) 14.00
Maximum dry density (kg/m?) 1800
Poisson’s ratio 0.30
Shear wave velocity (m/s) 225
Rayleigh wave velocity (m/s) 208
Rayleigh wavelength (1;) (m) at f=45 Hz 4.63
Modulus of elasticity (MPa) 237
Classification (USCS) CL

Table 4. The soil can be characterized as low plasticity clay
(CL) as per the Unified soil classification system (USCS)
[21]. It is worth mentioning that a similar soil deposit was
considered in the present study to evaluate the system char-
acteristics of the machine foundation. By employing the
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empirical correlations established between V, and standard
penetration test (SPT) N value, the shear wave velocities of
the Kanpur local soil (V;) were estimated as 224.12 m/s and
224.68 m/s using Eqs. 2 and 3 [22, 23], respectively. Hence,
the shear wave velocity was reasonably adopted as 225 m/s
in the present study, as reported in Table 4.

V, = 84.08N038 2

V, = 54.82N"3% 3

Reinforced Cement Concrete (RCC) Foundation

Block foundations with different shapes such as circular,
rectangular, and square were employed in the experiment.
A series of block vibration tests evaluated the system char-
acteristics of the three types of foundations. Reinforced
cement concrete (RCC) block foundations were made of
M25 grade of concrete along with Fe 415 grade of reinforce-
ment (12 mm diameter at 100 mm c/c). The width of the
square foundation was taken as 0.75 m, whereas the length
of the rectangular foundation was adopted as 1.05 m with an
aspect ratio of 2.0. In contrast, the diameter of the circular
foundation was considered as 0.85 m. However, the depth
of all the foundations was kept as 0.45 m.

Results and Discussion
Block Vibration Tests

Block vibration tests were conducted on all the three founda-
tions mentioned above. The force applied on the foundation
is proportional to the applied frequency. The accelerometer
was mounted on the top of the foundation to measure the
response at the vibration source, as shown in Fig. 3. The
acceleration was measured using LabView, followed by logi-
cal post-processing. It is worth mentioning that a MATLAB
code was developed for post-processing, where the displace-
ment— and velocity—time histories were obtained through the
numerical integration of the acceleration time history. The
steady-state peak displacements were noted. The response
data collected for the circular, square, and rectangular foun-
dations are shown in Fig. 4. It can be observed from Fig. 4
that with an increase in the magnitude of the eccentric force
setting, the resonant amplitude increases, whereas the reso-
nant frequency decreases.

The damping ratio, D, the natural frequency of the soil-
foundation system f,, the soil stiffness, k of the vibrating
system, and the damping coefficient, ¢, were evaluated using
Eqgs. 4-7 [24].
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Fig.4 Variation of displacement amplitude with frequency for: a cir-
cular, b square and ¢ rectangular foundations
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where z, is the peak vertical displacement of the system at
resonance, m is the mass of the vibrating system, and f, .
is the resonant frequency of the soil-foundation system.
The soil stiffness and the resonant frequency of the system
decrease with an increase in the magnitude of the eccentric
force setting irrespective of the shape of the foundation. The
trends obtained from the present investigation are similar
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Table 5 Comparison of present results

Parameters Swain and Ghosh [4] Present study
Footing size (m) 0.55%0.55x%0.20 0.75%0.75%0.45
Eccentric force (N-sec?) 0.017-0.033 0.090-0.172
Test results

Resonant frequency (Hz) 37.21-32.93 30.00-25.00

Damping ratio (%) 16-18 10.28-12.89

Soil stiffness (MN/m) 16.92-13.76 27.17-18.63

to those observed by previous researchers [1, 4]. Since the
applied force is proportional to the operating frequency, the
natural frequency of the system is found to be lesser than
the resonant frequency of the soil-foundation system. From
Fig. 4b, the system characteristics for the square foundation
were evaluated using Eqs. 4-7, and later, compared quali-
tatively with the results reported by Swain and Ghosh [4]
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Fig.5 System characteristics of different foundations: a resonant frequency, b natural frequency, ¢ soil stiffness, and d damping ratio
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in Table 5. It is worth mentioning that Swain and Ghosh
[4] also conducted block vibration tests on a similar soil
deposit but with different foundation and loading conditions.
It can be observed from Table 5 that with an increase in the
magnitude of the eccentric force, the present value of the
resonant frequency for the square foundation decreases from
30 to 25 Hz, but it decreases from 37.21 to 32.93 Hz in the
study of Swain and Ghosh [4]. Such variation in the system
characteristics may be attributed to the fact that the size of
the foundation (0.75 m X 0.75 m X 0.45 m) and the magni-
tude of the eccentric force (0.09—0.172 N-sec?) considered
in the present study are larger as compared to those adopted
by Swain and Ghosh [4].

From Fig. 5a, it can be noted that the resonant frequency
decreases from 32 to 27 Hz, 30-25 Hz, 31-27 Hz respec-
tively for the circular, square, and rectangular foundations,
with an increase in the eccentric force setting from 0.09 to
0.172 N-sec?. It can be seen from Fig. 5b that the natural
frequency computed using Eq. 5 for the circular, square, and
rectangular foundations decreases with an increase in the
eccentric force setting. It can be observed from Fig. 5c that
the stiffness of the soil decreases from 30.62 to 21.31 MN/m,
27.17-18.63 MN/m, 28.08-21.18 MN/m respectively for
the circular, square, and rectangular foundations, with an
increase in the value of the eccentric force setting from 0.09
to 0.172 N-sec?. In contrast, the damping ratio of the soil
is found to increase from 13.94 to 17.31%, 10.28—12.89%,
13.94-14.90% for the circular, square, and rectangular foun-
dations, respectively, as shown in Fig. 5d. To understand
the variation in the system characteristics of the machine
foundations, the dynamic properties of the soil (y,,,, G, and
C,) are investigated in detail in the subsequent sections.

Dynamic Properties of Soil

The responses obtained from the block vibration tests were
further utilized to evaluate the dynamic properties of soil
(7,.s» G, and C,). The magnitude of G varies perceptibly with
the intensity of the applied force and the number of loading
cycles [5], whereas C, and y,,, vary continuously across the
soil bed [25]. The magnitudes of y,,,, G, and C, were deter-
mined using Egs. 8, 9, and 10 [5, 25, 26].

%

Vres = B (8)
l—uk
G=—=°%

4 r ©)

472 > m
_ 10
. " (10)
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Fig.6 Comparison of dynamic properties: a approximate maximum
dynamic shear strain, b shear modulus, and ¢ elastic uniform com-
pression coefficient

where y is the Poisson’s ratio of soil, r is the radius of the
circular foundation or equivalent radius for the non-circular



International Journal of Geosynthetics and Ground Engineering (2022) 8:2

Page70f16 2

foundation, A is the cross-sectional area of the block founda-
tion, and B is the equivalent width of the foundation.

From Fig. 6a, it can be noted that the value of y,,, increases
from 0.05 to 0.08%, 0.07-0.11%, 0.06-0.14% for the cir-
cular, square, and rectangular foundations, respectively
with an increase in the eccentric force setting from 0.09 to
0.172 N-sec?. Kumar and Reddy [27] reported that the stiffness
of the soil strata decreases with an increase in the dynamic
shear strain in the soil. As observed earlier in Fig. 5c, the soil
stiffness decreases by 30.40%, 31.42%, and 24.57% for the
circular, square, and rectangular foundations, respectively,
with an increase in the eccentric force setting from 0.09 to
0.172 N-sec?. Further, the shear modulus is influenced by
the soil stiffness, as can be seen from Eq. 9. Hence, the shear
modulus decreases with an increase in the applied force. From
Fig. 6b, it can be noted that the value of G in the presence
of the circular, square, and rectangular foundations decreases
from 12.76 to 8.88 MPa, 12.04-8.25 MPa, 12.57-9.48 MPa,
respectively, with an increase in the eccentric force setting
from 0.09 to 0.172 N-sec?. The natural frequency of the system
is proportional to the soil stiffness, as shown in Eq. 6. Fig-
ure 5b depicts that the natural frequency decreases by 15.63%,
16.67%, and 12.90% for the circular, square, and rectangular
foundations, respectively, with an increase in the eccentric
force setting 0.09-0.172 N-sec?. Since the mass and the area
of the footings are constant, the natural frequency of the soil
affects the elastic uniform compression coefficient signifi-
cantly, as given in Eq. 10. The magnitude of C, decreases from
48.13 to 33.51 MN/m?, 48.30-33.12 MN/m”, 50.94-38.42
MN/m? for the circular, square, and rectangular foundations,
respectively, as shown in Fig. 6¢.

Analytical Solutions

In this study, the classical mass-spring-dashpot (MSD) sys-
tem [1, 4, 28] and the modified elastic half-space theory
(MEHST) [5, 26, 29] were considered to predict the response
of the soil media analytically under different loading condi-
tions. The soil stiffness (k) and the damping coefficient (c) of
soil differ with varying loading intensities. The magnitudes
of k and ¢ were determined using Eqs. 6 and 7, respectively.
However, the governing equation of motion for an idealized
MSD system can be expressed as:
d’z | dz

—+ca+kz—m e w* sin () (11

where dz’ % and z represent acceleration, velocity, and dis-
placement, respectlvely Hence, the displacement response
of the MSD system can be determined from the following

expression,
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Fig.7 Comparison of experimental results with analytical solutions:
a circular, b square, and ¢ rectangular foundations
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meer?
m

B \/(1 — 22+ @D ry)?

z (12)

where r;is the frequency ratio and is given by fif,. f is the
input frequency of the mechanical oscillator. The magni-
tudes of D estimated from the field vibration tests were uti-
lized to predict the response of the MSD analytical solution.
As per the MEHST, the response of the system can be com-
puted using Eqgs. 13-17.

: FBen "

e =B.a > 5 (13)
m (1_Bza3F1) +(Bza%F2)

_wr
=" (14)
(d=w m

B, = —

: 4 pri (15)
F; =1.0-0.51741a> +0.10846a" (16)
F, =0.5176a, — 0.26103a’ + 0.0383a’ (17)

where a,, is the dimensionless frequency term, B, is the mod-
ified mass ratio, p is the bulk density of the soil, and F; and
F, are the modified displacement functions. The responses
obtained from the MSD and the MEHST analytical solutions
are compared with the experimental results in Fig. 7. It can
be seen that the MSD analytical solution predicts the reso-
nant frequency and the resonant amplitude favorably well.
However, the MEHST analytical solution overestimates the
resonant frequency and underestimates the resonant ampli-
tude. Similar observations were also reported by Mandal
et al. [5]. It can be seen from Fig. 7 that at the eccentric
force setting of 0.172 N-sec?, the resonant frequency and
amplitude obtained from the experiment for the rectangular
foundation are higher compared to the response predicted by
the analytical solution. In the case of the rectangular foun-
dation, there may be eccentricity induced along the shorter
span, which leads to a higher value of the displacement at
the resonance. Hence, at higher loads, the response varies
with the MSD analytical solution. It is worth noting that the
responses of the circular and the square foundations com-
pare reasonably well with the MSD analytical solution at the
eccentric force setting of 0.172 N-sec?.
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Fig. 8 FE model verification in the presence of wave barrier

FE Modelling

In this section, the influence of shape on the vibration trans-
mission characteristics of the block foundation was evalu-
ated by performing a 3D FE analysis. The effectiveness of
the wave barrier in mitigating vibrations was further inves-
tigated. The solid foundations were not considered for the
analysis purpose, and the dynamic pressure was applied
directly on the soil domain as it does not alter the study
results [12, 13, 30]. The dimensions of the domain were
normalized based on the Rayleigh wavelength (1) to ensure
the accuracy of the analysis. Eight-noded first-order hexahe-
dron elements were used for modelling the soil deposit. An
average element size of 0.20 m was adopted, which satis-
fied the criteria recommended by Kramer [31] for a typical
dynamic analysis. Non-reflecting semi-infinite boundaries
(infinite elements) [32] were adopted in the domain using
first-order eight-noded solid continuum elements as per the
recommendations of Lysmer and Kuhlemeyer [33]. The
input parameters such as density, p = 1800 kg/m?; shear wave
velocity, V¢=101 m/s; Poisson’s ratio, 4 =0.25; and damp-
ing ratio, D=15% as reported by Ahmad and Al-Hussaini
[10], Bose et al. [13], and Alzawi [34] were considered for
the validation purpose. The wave barrier was placed at a
distance of 51 from the source of excitation. The depth and
the width of the wave barrier were taken as Az and 0.06/,
respectively. A dynamic load of magnitude 1 kN and 31 Hz
frequency was applied. The response was specified in terms
of the amplitude reduction factor (ARF), where the ARF can
be defined as,
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ARF = ( V)After (18)

( UV ) Before

where (Uy) 4., and (Uy),y, , are the steady-state peak verti-
cal displacement amplitudes after and before installing the
wave barrier, respectively. The present FE model favora-
bly predicts the attenuation response of the wave barrier,
as reported by Ahmad and Al-Hussaini [10], Bose et al.
[13], and Alzawi [34] (Fig. 8). Hence, the present model
can be utilized with confidence to investigate the attenuation
response of the soil. Three different models were considered
for the study to evaluate the transmission ratio, where the
transmission ratio (7,) as per Eq. 19.

60

r

40

201

Transmission ratio, 7 (%)

0 2 4 6 8 10 12 14 16
Distance from the source of vibration (m)

Fig. 12 Variation of transmission ratio with distance from the source
of vibration for different values of d at a frequency of 30 Hz
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2 kN (Dynamic load)

0.45m ﬂi‘ — 0.75 m wide square foundation

17.4m

y
]
4.0m 3.0m
|<—><—> -

0.6m

Infinite elements

— T

3.55 kN/m? (Dynamic pressure)

— 0.75 m wide loading area

4.0m 30m 17.4m
| > |- |
) ER |
0.6m Infinite elements

Fig. 13 Schematic for estimating the vibration transmission characteristics for the dynamic load applied directly on: a square foundation and b

soil surface

T — Vertical displacement amplitude at the pick — up point

r

Vertical displacement amplitude at source
(19)

From the displacement-frequency response of the
foundations (Fig. 4), it can be observed that the frequen-
cies below 25 Hz do not get associated with significant
amplitudes, and hence, they were ignored in this study.

@ Springer

Therefore, the frequencies adopted for the present study
were in the range of 25-45 Hz. With a known frequency,
the magnitude of A, can be obtained from the shear wave
velocity profile of the soil [35]. The Rayleigh wavelength
is found to decrease with an increase in frequency [6].
In this investigation, Ay is found to be 4.63 m for the fre-
quency of 45 Hz. Alzawi [34] and Mahdavisefat et al. [11]
used a 3 m deep wave barrier in the experimental studies
to evaluate the screening effectiveness of open and infilled
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Fig. 14 Variation of normalized vertical displacement with distance
from the source of vibration with and without foundation

wave barriers. The normalized depth at a frequency of
45 Hz is found to be 0.64 for a 3-m deep wave barrier
adopting the soil properties reported in Table 4. Woods
[6] reported that wave barriers perform effectively at a
normalized depth greater than 0.6. The normalized depth
of the wave barrier considering a 3-m deep wave barrier
satisfies the criteria recommended by Woods [6]. Further,
the width and the length of the wave barrier do not influ-
ence the vibration transmission characteristics [6, 11, 34].
Hence, a wave barrier of 3 m depth, 0.6 m width, and
6 m length was reasonably adopted to study the reduction
in the transmission ratio (7,), as depicted in Fig. 9. The
response was captured at equally spaced pick-up points at
an interval of 3 m, as shown in Fig. 9. Further, the effect
of the wave barrier in impeding the vibrations generated
at the source was also investigated. From the FE analysis,
it was observed that the transmission ratio beyond 18 m
is found to be around 2%. Additionally, the sensitivity
analysis ensures that the amplitude of the waves becomes
insignificant at the extreme boundaries (x—z plane), which
happens to be at a distance of 20 m from the source of
vibration. The domain dimensions were accordingly cho-
sen. Figure 10 depicts the domain dimensions and meshing
scheme considered in the FE analysis.

Due to the wave propagation induced by dynamic loads,
strains developed at the pick-up points located away from the
vibration source are small in magnitude. The strain levels
are further reduced in the presence of a wave barrier [13,
34, 36, 37]. Hence, for estimating the vibration transmission
characteristics of the soil at different frequencies, the linear
elastic constitutive model was reasonably adopted for the
soil. Infinite elements [38, 39] were employed at the domain
edges to prevent unwanted reflection of waves, as shown in

—0—F (Case 1)=3.19 kN
60 -0--F (Case2)=4.76 kN [
< -=t-F (Case3)=6.11 kKN
i
g
£ 40- :
g
2
w)
-4
a
§ 20 -
F
0 T 4 T L T K T X T L T T T ¥ T ¥ T
0 2 4 6 8 10 12 14 16
Distance from the source of vibration (m)
(a)
| L 1 L 1 L | L 1 " | s 1 L 1 " 1
—0—F (Case 1) =5.68 kN
60 - -O--F (Case2)=846kN |
S --8--F (Case 3) = 10.86 kN
e
g
£ 40- -
)
2
w)
A
a
§ 20 o
F
0 T T T T T

v v T T L o — e v— —
0 2 4 6 8 10 12 14 16
Distance from the source of vibration (m)

(b)

Fig. 15 Transmission ratio for different loading configurations at fre-
quencies: a 30 Hz and b 40 Hz

Fig. 10. The influence of the length of the infinite elements
on the vibration transmission characteristics was investigated
by performing a parametric study with different lengths of
the infinite elements, such as 1 m, 3 m, 5 m, and 7 m. The
material properties for the FE analysis were adopted from
Table 4. The vibration transmission characteristics were
evaluated at a frequency of 30 Hz and dynamic pressure of
2 kN/m?. From Fig. 11, it can be noted that the length of the
infinite elements does not have a significant influence on
the transmission ratio. Hence, in the present investigation,
the infinite element length at the domain boundaries was
adopted as 1 m. The influence of the distance (d) between
the domain edge and the source of vibration (Fig. 10) on
the vibration transmission characteristics was also investi-
gated through a parametric study considering d as 4 m, 8 m,
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and 12 m. It can be noticed from Fig. 12 that the vibration
transmission characteristics compare favourably for different
values of d. Hence, d was considered as 4 m to optimize the

Circular loading computational time for the FE analysis.
area The normalized vertical displacement response was eval-
uated as per the schematic shown in Fig. 13 to investigate

the influence of the actual foundation on the vibration trans-
Tocation|of trench mission characteristics. It is worth noting that in Fig. 13a,
l the actual foundation exists, whereas the dynamic pressure

is applied directly to the soil in Fig. 13b. A dynamic load

of 2 kN was applied on top of the actual square founda-
tion, as shown in Fig. 13a. The modulus of elasticity of the
square foundation was taken as 25 GPa, whereas the den-
sity and the Poisson’s ratio were taken as 2500 kg/m> and

Square loading 0.20, respectively [20]. A dynamic pressure of 3.55 kN/m?
area was applied over the area replicating the square foundation
; to evaluate the response without foundation, as shown in

Fig. 13b. The responses were evaluated in the presence of
the wave barrier. It can be conceived from Fig. 14 that the
Location of trench vibration transmission characteristics do not get affected in
the presence and the absence of the solid foundation. Hence,
solid footing was not adopted in the analysis to minimize
(b) the computational rigor [12, 13]. The effect of the dynamic
load amplitudes corresponding to various eccentric force
settings on the vibration transmission characteristics was
Rectangular loading explored. The dynamic loads at different eccentric force
/ area settings with 30 Hz and 40 Hz frequencies were considered,

as shown in Fig. 2. Figure 15 shows that the dynamic load
amplitudes do not affect the vibration transmission char-
acteristics of the machine foundation significantly, where
Case 1, Case 2, and Case 3 are the loads corresponding to
the eccentric force settings of 0.090 N-secz, 0.134 N-sec?,
and 0.172 N-sec?, respectively. Similar observations were
also reported by Bo et al. [40] and Mahdavisefat et al. [41].
(© Hence, for the present investigation, a dynamic pressure of

2 kN/m? was applied to the soil domain over an area repli-

Fig.16 FE assembly showing the loading area for: a circular, b cating different geometries of the foundations. Thus, the FE
square and ¢ rectangular foundations model was adopted with confidence to study the influence

Location of trench

Table 6 Transmission ratio for Distance (m) Transmission ratio 7, (%)

circular foundation with and !
without wave barrier Frequency (Hz) —
Without barrier With barrier
25 30 35 40 45 25 30 35 40 45
3.0 1023 10.28 10.75 1241 11.80 3027 25.59 23.82 2424 2422
3.6 8.74 8.59 8.90 10.32 10.10 5.54 3.41 3.90 5.38 5.97
6.0 5.60 5.96 5.74 5.72 5.43 3.52 2.15 1.32 1.27 1.40
9.0 4.06 4.29 4.55 4.58 4.11 2.21 0.96 0.93 0.87 0.92
12.0 3.31 3.28 3.34 4.20 3.77 2.50 1.64 1.23 1.02 0.78
15.0 2.95 2.77 2.68 3.11 2.89 3.00 2.24 1.46 0.84 0.52
18.0 3.21 2.98 2.53 2.20 1.93 2.94 2.35 1.49 1.11 1.08
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Table 7 Transmlsslon I‘?.th Distance (m)
for square foundation with and !
without wave barrier

Transmission ratio 7, (%)

Frequency (Hz) —

Without barrier With barrier

25 30 35 40 45 25 30 35 40 45

3.0 10.12  10.16  10.64 12.04 11.57 2996 2531 23,53 2351 23.79
3.6 8.65 8.48 8.81 10.01 9.90 5.51 3.38 3.86 5.24 592
6.0 5.54 5.89 5.67 5.56 5.34 3.49 2.13 1.31 1.24 1.39
9.0 4.01 4.25 4.50 4.44 4.03 2.19 0.95 0.92 0.85 0.91
12.0 3.27 3.25 3.31 4.09 3.71 2.48 1.62 1.22 0.99 0.78
15.0 2.92 2.74 2.65 3.03 2.86 2.98 2.21 1.45 0.82 0.51
18.0 3.18 2.94 2.50 2.13 1.89 2.92 2.33 1.48 1.08 1.07
Table 8 Transmissi.on rat.io for Distance (m) Transmission ratio 7, (%)
re.ctangular founde}tlon with and !
without wave barrier Frequency (Hz) —
Without barrier With barrier
25 30 35 40 45 25 30 35 40 45
3.0 9.68 9.74 1022 11.56 11.21 28.69 2434 22,69 2267 23.04
3.6 8.28 8.16 8.48 9.63 9.57 5.26 3.22 3.67 4.97 5.60
6.0 531 5.65 5.47 5.37 5.17 3.34 2.04 1.27 1.21 1.33
9.0 386  4.09 433 4.28 3.90 2.09 0.91 0.89 0.81 0.84
12.0 315 3.3 3.19 3.94 3.58 2.36 1.54 1.15 0.93 0.73
15.0 281 2.64 2.56 291 2.75 2.84 2.10 1.38 0.77 0.47
18.0 3.05 283 241 2.06 1.83 2.78 222 1.41 1.01 1.00

of different footing shapes on the vibration transmission
characteristics of machine foundations. In the current FE
analysis, the material properties were adopted from Table 4,
and the damping ratio was reasonably assumed as 5% [13,
14]. Figure 16 shows different foundation shapes alongside
the location of the wave barrier adopted in the FE analysis.

The transmission ratio (7,) at different pick-up points for
all the foundations and the effect of the wave barrier are
presented in Tables 6, 7, 8. It can be seen from Table 6 that
with an increase in the frequency from 25 to 45 Hz, the
transmission ratio for the circular foundation increases from
10.23 to 11.80% at the pick-up point located at 3 m from the
source of vibration. However, in the presence of the wave
barrier (Table 6), the reduction in 7, is found to be 36.65%
and 40.86% at the frequencies 25—45 Hz, respectively. Simi-
larly, Tables 7 and 8 show that at the pick-up point located
at 3 m from the source of vibration, the transmission ratio
for the square and the rectangular foundation increases from
10.12 to 11.57% and from 9.68 to 11.21%, respectively, with
an increase in the frequency from 25 to 45 Hz. However, in
the presence of the wave barrier (Tables 7 and 8), the reduc-
tion in 7, is seen to be 36.35% and 40.23% for the square

foundation, and 36.53% and 41.55% for the rectangular
foundation at the frequencies 25-45 Hz, respectively. It can
be conceived from Tables 6, 7, 8 that the values of T, for all
three foundations at various pick-up points compare well.
It may be attributed to the fact that the geometric damping
in the selected frequency range remains almost similar, and
hence, the deviation is found to be marginal. Further, in the
presence of the wave barrier, the reduction in 7, is found to
be 8.39% and 44.05%, 8.25% and 43.69% and 8.92% and
45.37% for the circular, square, and rectangular foundations,
respectively, at the frequencies 25 Hz and 45 Hz at 18 m
from the source of vibration. Thus, at the pick-up points
located away from the vibration source, the reduction in 7,
is seen to be marginal at more minor frequencies. For the
adopted parameters, the performance of the wave barrier
turns out to be the best at a distance between 6 and 9 m from
the vibration source. Such observations compare well with
the results reported by Ahmad and Al-Hussaini [10] and
Mahdavisefat et al. [11]. The impact of foundation shape
on the vibration transmission characteristics can be further
investigated by evaluating the absolute damping (D,) [42] at
the pick-up points. The absolute damping can be expressed
as
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Fig. 17 Variation of absolute damping with distance from the source
of excitation at frequencies: a 25 Hz and b 45 Hz

vR1n<ﬁ)
D = — "/ (20)
4 27 fAx

where Vj is the Rayleigh wave velocity, and Ax is the dis-
tance between the two measurements, w; , are the displace-
ment amplitudes at different pick-up points located at a dis-
ﬁ) is the
V2

spectral ratio. The absolute damping computed at different
pick-up points and the effect of wave barrier at different fre-
quencies are presented in Fig. 17. As depicted in Fig. 17a,
the absolute damping does not vary significantly in the pres-
ence of the wave barrier at a frequency of 25 Hz. In contrast,
the absolute damping in the presence of the wave barrier

increases significantly at a frequency of 45 Hz, as shown in

tance of r; , from the vibration source, and In <

@ Springer

Fig. 17b. It can be revealed from Fig. 17 that in the presence
of the wave barrier, the absolute damping at the pick-up
point located at 6 m from the source of vibration increases
from 24 to 34%, and from 24 to 79% at a frequency 25 Hz
and 45 Hz, respectively. Hence, it is worth mentioning that
the efficiency of wave barriers generally increases at higher
frequencies. It can be seen from Fig. 17 that the magnitude
of D, for all three foundations does not vary much. Hence,
it can be conceived that the shape of the foundation does not
influence the vibration transmission characteristics much.

Conclusions

Field-scale physical model tests were conducted on three dif-
ferent block foundations (circular, square, and rectangular),
and the dynamic responses were studied at different load
configurations. The dominant frequencies were identified,
and the dynamic parameters were evaluated by performing
block vibration tests. Further, the FE analysis was performed
using ABAQUS to investigate the transmission ratio and the
efficiency of the wave barrier in vibration mitigation. The
major conclusions drawn from the study can be listed as:

e The dynamic shear strain increases from 0.05 to 0.08%,
from 0.07 to 0.11%, and from 0.06 to 0.14% for the cir-
cular, square, and rectangular foundations, respectively,
with an increase in the eccentric force setting from 0.09
to 0.172 N-sec’.

e The soil stiffness decreases by 30.40%, 31.42%, and
24.57% for the circular, square, and rectangular founda-
tions, respectively, with an increase in the eccentric force
setting from 0.09 to 0.172 N-sec?.

e The resonant frequency decreases by 15.63%, 16.67%,
and 12.90% for the circular, square, and rectangular foun-
dations, respectively, with an increase in the eccentric
force setting from 0.09 to 0.172 N-sec?.

e At frequencies below 25 Hz, the displacement amplitudes
are found to be negligible.

e The square and the circular foundations perform better
than the rectangular foundation at higher dynamic loads.
The resonant displacement amplitude tends to be more
for the rectangular foundation at higher loads.

e The shape effect reasonably influences the system charac-
teristics of the machine foundation, whereas the shape of
the foundation does not affect the vibration transmission
characteristics.

e For the adopted geometric configuration of the wave bar-
rier, the best performance can be achieved at a distance
of 6-9 m from the vibration source.

e The effectiveness of the wave barrier increases with an
increase in frequency.
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e In the presence of the wave barrier, the reduction in the
transmission ratio at the pick-up point located at 18 m
away from the source of vibration increases from 8 to
45%, with an increase in the frequency from 25 to 45 Hz.

¢ In the presence of the wave barrier, the absolute damping
at the pick-up point located at 6 m away from the source
of vibration increases from 24 to 34% and from 24 to
79% at frequencies 25 Hz and 45 Hz, respectively.

The present FE model can be suitably extended to other
vibration-related problems such as railway and highway traf-
fics, pile driving activities, and machines producing impact
loads.
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