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ARTICLE INFO ABSTRACT

Keywords: This paper investigates numerically the potential use of cellular confinement systems in isolating the machine
Machine induced vibrations induced vibrations. The numerical analysis was carried out using the three dimensional explicit finite difference
Geocells

package FLAC®P., Primarily, the numerical model was validated with the results of field resonance tests, per-
formed on the foundation beds reinforced with and without cellular confinement systems. The 3D cellular
confinement was simulated using two techniques, namely, Equivalent Composite Approach (ECA), and
Honeycomb Shape Approach (HSA). The isolation efficiency of the confined cell was determined in terms of the
reduction in displacement amplitude, peak particle velocity, and the improvement in elasticity of the foundation
bed. From the results, 56% reduction in displacement amplitude was observed in the presence of geocell re-
inforcement. Similarly, 42% change of resonant frequency was observed as compared to the unreinforced
condition. The elasticity of the foundation bed was improved by 102% with the provisions of geocell. Further, it
was noticed that the modelling of geocell through the HSA approach provided the accurate prediction of the
experimental results. With the help of HSA technique, the effect of confinement area and the height of geocell in
reducing the amplitude of vibration was investigated. Further, the parametric study was conducted to investigate
the effect of different geocell properties on the dynamic behaviour of reinforced foundation bed. The parametric
study results revealed that the geocell modulus and the interface friction angle directly influence the perfor-
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Dynamic properties

mance of geocell reinforced bed under dynamic loading condition.

1. Introduction

The design of foundations for dynamically loaded structures has
become a great interest in the field of geotechnical engineering. The
foundations are often subjected to dynamic loads due to the many
circumstances, such as traffic loads, earthquakes, and the machine vi-
brations. The major problem associated with these dynamic loads is
ground-borne vibration. One of the classical examples is the Machine
foundations. The emanated vibrations from the machines transfer to the
soil through the foundations. The transmitted vibrations may exhibit
adverse effect on the superstructure and the supporting soil. Moreover,
these dynamic motions are responsible for the unsatisfactory func-
tioning of the machine and the nearby equipment. The adverse effect on
the performance of foundation bed can be prevented by enhancing the
dynamic properties of the soil, namely, dynamic shear modulus, and the
elasticity of the foundation bed. Apart from the parameters mentioned
above, preventing the resonance of a system is also essential for the safe
functioning of such foundations.

The ground motion characteristics of the vibration energy are
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significantly influenced by the excitation frequency, and the type of
wave induced from the vibration source. After the pioneering work of
Woods [1], the installation of wave barriers has gained popularity for
mitigating the machine-induced vibrations through the active and
passive modes [2,3]. Several studies [4-9] highlighted the various
geometrical aspects of open trenches in isolating the machine-induced
vibrations through experimental and analytical approaches. The
maintenance problems posed by the open trenches led to the installa-
tion of infilled trenches. The performance of different infill materials on
the isolation performance of infilled trenches has been investigated
[5-17]. The isolation efficiency of infilled trenches are also compared
with the performance of open trenches [18-23]. From the reported
literature, it was identified that the open and in-filled trenches are ef-
fective in controlling the surface (Rayleigh) waves induced from the
vibration sources. However, the implementation of these techniques
required the excavation and transfer of huge quantities of soil from the
site to some other location. On the other hand, such techniques are not
feasible in urban areas. Sometimes, excavation may also leads to
ground subsidence and damage to the adjacent structures.
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List of symbols

contact area of the footing with the soil mass (m?)
amplitude reduction ratio (dimensionless)
b width of the geocell mattress (m)

B width of the footing (m)

C cohesion (kPa)

c; interface cohesion (kPa)

C, increase in apparent cohesion (kPa)

Cy coefficient of elastic uniform compression (MN/m?)

C, coefficient of elastic uniform shear (MN/m®)

Cy coefficient of elastic non-uniform compression (MN/m?>)
Cy coefficient of elastic non-uniform shear (MN/m?)

d equivalent pocket diameter of the geocell material (m)
d diameter of cell pocket at &, axial strain (m)

e eccentric distance between centre of mass and the centre
of rotation (m)

ECA equivalent composite approach

E Young's modulus (MPa)

E. modulus of elasticity of concrete (MPa)

frz natural frequency of the foundation soil system (Hz)

fr resonant frequency of the foundation soil system (Hz)

F(Y dynamic force excited over the footing in a vertical mode
N)

F, total unbalanced dynamic force excited over the footing
N)

Fir frequency improvement ratio (dimensionless)

F, resonant frequency of the reinforced soil system (Hz)

F, resonant frequency of the unreinforced soil system (Hz)

G shear modulus (MPa)

G; specific gravity of foundation soil (dimensionless)
HSA honeycomb shape approach

H height of the geocell layer (m)

k; interface shear modulus (MPa/m)

K, coefficient of passive earth pressure (dimensionless)
K stiffness of the soil (MN/m)

M mass of the vibrating block, oscillator and motor (kg)
m, eccentric mass weight (kg)

N standard penetration test corrected-n values

peak particle velocity (mm/s)

equivalent radius of the non-circular footing (m)
t dynamic time (s)

thickness of geocell (mm)

U, depth of placement of the geocell from the ground surface
(m)

9] circular natural frequency in cycles (rotations) per minute

Xm resonant displacement amplitude (mm)

Ye unit weight of concrete (kN/m>)

Yd unit weight of the foundation bed (kN/m>)

p density of subsurface soil layers (g/cc)

17 angle of shearing resistance (°)

®; interface friction angle (°)

v Poisson's ratio (dimensionless)

Ve Poisson's ratio of concrete (dimensionless)

6 eccentricity angle (°)

&, axial strain in the geocell material (dimensionless)

I circumferential strain in the geocell material (dimension-
less)

Aoz increase in the confining pressure on infill material (kPa)

Currently, the application of reinforced earth has become popular
over other conventional ground improvement techniques for improving
the stability of the foundation bed. Among several types of reinforcing
materials, geosynthetics have found to be most economical and ad-
vantageous under monotonic and cyclic loading conditions [24-27].
However, very limited investigation has been carried out to understand
the probable benefits of geosynthetics in enriching the performance of
machine foundation. Boominathan et al. [28] investigated the effec-
tiveness of the reinforced earth under the machine vibrations. The study
was carried out by performing a series of field block resonance tests
over the reinforced soil bases with different types of planar reinforce-
ments. The results revealed that the resonant amplitude was reduced by
67% in the presence of the pretensioned wire grid. Similarly, the
maximum improvement in the resonant frequency of the foundation
bed was observed due to the provision of high tensile wire grid.
Clement et al. [29] studied the performance of geogrid in improving the
dynamic properties of the foundation bed through the model resonance
tests. The dynamic shear modulus was improved by 30%, when the
foundation bed was reinforced with the geogrid reinforcement. The
laboratory block resonance test conducted by Sreedhar and Abhishek
[30] has also revealed a significant reduction in resonant amplitude in
the presence of geogrid reinforcement.

As observed from the available studies, there is a lack of studies to
understand the efficacy of the 3D cellular confinement system (also
known as Geocells) in isolating the machine induced vibrations. A few
numerical studies have been carried out to highlight the confinement
effect in improving the machine foundation performance. Azzam [31]
has studied the vibration isolation efficacy of the confined cell using
two-dimensional finite element package, PLAXIS2D. The results re-
vealed that 230% improvement in the subgrade damping and 75% re-
duction in displacement amplitude due to the provision of the confined
cell under machine foundation. Venkateswarlu and Hegde [32] in-
vestigated the performance of geocell reinforced bed with different

infill materials under the machine induced vibration through
PLAXIS2D. Three different infill materials, namely, sand, red soil, and
aggregate were used for the numerical analysis. A significant im-
provement in the stiffness and the natural frequency of the foundation
soil system was observed in case of geocell with aggregate as infill
material.

The numerical simulation of the geocell reinforcement has evolved
with time. The Equivalent Composite Approach (ECA) was among the
first few techniques of modelling geocell. Being a simple technique, it is
frequently adopted to model geocells. According to ECA, the geocell
and its infill material is modelled as a composite soil layer with en-
hanced stiffness and strength properties [33,34]. Bathurst and Kar-
purapu [35] and Rajagopal et al. [36] have provided formulation for
the determination of the properties of composite layer. Later on, this
technique was adopted by many researchers [37-39] for analysing the
performance of geocell reinforced system. Further, some of the re-
searchers have modelled geocell with square shaped pockets [40-42].
Yang et al. [43] and Hegde and Sitharam [33,44,45] have successfully
demonstrated the modelling of the actual curvature of the geocell
pockets using three-dimensional finite difference package FLACP.
Hegde and Sitharam [33] suggested that modelling the geocell in
square shape leads to the non-uniform distribution of the stresses at the
corners of the square box. Whereas, the modelling with actual honey-
comb shape helps in uniform stress distribution through the periphery
of the geocell reinforcement.

In the present study, the effectiveness of the geocell reinforced beds
in isolating the machine induced vibrations has been numerically in-
vestigated. The numerical investigation has been carried out using the
explicit finite difference package FLAC®P. Initially, the numerical model
was validated with the results of large scale block resonance test. The
performance of two different approaches, namely, Equivalent
Composite Approach (ECA), and Honeycomb Shape Approach (HSA) in
predicting the behaviour of geocell-reinforced condition has been
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compared. Though the manuscript emphasizes on the numerical simu-
lation, the results of the field block resonance tests also have been
discussed.

2. Field vibration tests

Primarily, large-scale block resonance test was carried out to un-
derstand the efficacy of the cellular confinement system in isolating the
machine induced vibrations. The schematic representation of the block
resonance test is shown in Fig. 1(a). The major components of the test
setup include concrete block, mechanical oscillator, DC Motor, speed
control unit, and the vibration meter with piezoelectric accelerometer.
The M20 grade concrete block of 600 mm X 600 mm X 500 mm
(length x width x depth) was used. It was placed centrally over the
prepared foundation bed with and without geocell reinforcement.

The mechanical oscillator was used to induce the rotating mass type
excitation over the foundation. It can emanate the dynamic excitation
as similar to the high speed rotary machine. The oscillator was mounted
over the machine foundation through the bolting arrangement. The DC
motor of 6 HP capacity was used to regulate the dynamic force induced
from the oscillator. The operating frequency of the motor was de-
termined using speed control unit through digital technique. It can
measure the frequency of a rotating body with the help of non contact
speed sensor. The speed control unit consists of digital counter circuit to
count the frequency in terms of RPM based on the electrical pulse re-
ceived from the sensor. One end of the sensor was fixed nearer to the
rotating body and the other end connected to the speed control unit.
The maximum sensing range of the sensor is 10,000 RPM with a re-
solution of 1IRPM. It is capable of working from a distance of 2 mm from
the objects. In this study, it was placed at a distance of 1.5 mm from the

Mechanical oscillator

Eccentricity control
unit
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MS stud (attached to the rotating shaft) of the motor. The photographic
representation of the arrangement of the sensor during the field test is
shown in Fig. 1(b). The various researchers have adopted the similar
procedure for measuring the frequency of the vibration systems
[74,76]. During the test, the vibration parameters such as displacement
amplitude and the velocity were recorded using digital vibration meter
with the help of accelerometer.

The block resonance test was conducted in a vertical mode over the
prepared foundation bed of 2m X 2m x 0.5m. The dimensions of the
foundation bed was selected based on the past studies. Raman [75] has
investigated the effect of test pit size on the dynamic response of the
system. The test pits of lengths 3.3D and 4.6D (where D is the diameter
of the footing) were considered. The identical nature of the dynamic
response was observed from both the pits. Further, IS 5249 [77] re-
commends that the ratio between the width of the test pit to the width
of the machine foundation is three for conducting the block vibration
test. Boominathan et al. [28] studied the dynamic response of foun-
dation bed by considering the test pit size 3 times the width of the
machine foundation. Hence, in the present study, the width of the
foundation bed was considered equal to the 3.3 times the width of
machine foundation. The foundation bed was prepared with the locally
available soil having the fines content of 16%. It was classified as silty
sand (SM) based on the Unified Soil Classification System. The particle
size distribution of the foundation soil is shown in Fig. 2(a). The
compaction parameters of the foundation soil were determined from
the Standard Proctor test. The variation in dry density with the change
in water content is shown in Fig. 2(b). From the figure, the optimum
moisture content was observed as 12.6%. The subsurface profile of the
test location is shown in Fig. 3a—c. It was identified that the subsurface
consisted of silty sand (SM) up to a deeper depth at the test site. The top

Flexible shaft
Rotating shaft

Accelerometer
r Vibration meter
Concrete block
—
<%
Gs ) | EEEE e

Non contact

type speed Speed
500 mm sensor control unit
rpm indicator 1
e O

=

500 mm

Subsurface (a)

DC Motor

Fig. 1. Block vibration test setup: (a) schematic representation; (b) arrangement of the non-contact speed sensor.
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Fig. 2. Foundation soil properties: (a) particle size distribution; (b) dry density
versus water content response of foundation soil.

0.5m of foundation soil was reconstituted with the same material to
place the foundation block. The brief description about the classifica-
tion of soil strata and the determination of different parameters are
described in numerical modelling.

The total depth of the foundation bed was prepared with ten

Soil Dynamics and Earthquake Engineering 119 (2019) 220-234

Table 1
Properties of the foundation soil and geocell.

Parameter Value

Foundation soil

Classification Silty Sand (SM)
Specific Gravity, G 2.64

Unit weight, yq (kN/m>) 17.9
Optimum moisture content (%) 12.6

Geocell

Material Neoloy (NPA)
Cell depth (mm) 120

Cell length (mm) 245

Cell width (mm) 210

Number of cells/m? 39

Strip thickness (mm) 1.53

Cell wall surface
Density (g/cm®)
Cell seam strength (N)

Perforated
0.95 (= 1.5%)
2150 ( = 5%)

numbers of layers, having the thickness of 50 mm each. Each layer was
compacted at the optimum moisture content of the soil (as shown in
Table 1) with the compaction effort of 593kJ/m>. To verify the
achieved dry density, core cutter samples were collected from the dif-
ferent locations of the foundation bed. The average dry density and
moisture content of the foundation bed was observed as 17.45kN/m>
and 12.5% respectively. The similar procedure was followed for the
preparation of both unreinforced and geocell reinforced conditions. The
geocell used in the present study was made up of Novel Polymeric Alloy
(NPA) material. The stress-strain response of the geocell reinforcement
used in the present study is shown in Fig. 4. It was determined from the
tensile strength test based on the recommendations of ASTM D-4885
[46]. The properties of the foundation soil and the geocell reinforce-
ment were summarized in the Table 1.

The geocell was placed at a depth of 0.1B (where B is the width of
the footing) from the ground surface [26,27,34,37,39,67,78,79]. The
width of the geocell was considered as similar to the width of the
foundation bed (i.e., 3.33B). The foundation soil (silty sand) was used
as the infill material for filling the pockets of geocell reinforcement.
Initially, first two rows of the geocell layer were filled up to half height

Bulk density (kKN/m3) Angrlzs‘i’sizgzzrmg
GS 016 171811920 55 g
Silty/Clayey 1 0
sand
2 s
I.1m 2
4 - | L8
Loose £ ! 3
sand e &
2 5
< 6 7 - 6.8
=3 =
33m 32 B
2 S)
T 8- [ g5
= 5
g, a
a
10 A - 10
Dense
sand
12 1 - 12
(b) ()
14m 14 14

Fig. 3. Subsurface details: (a) profile of the bed; (b) change in bulk density; (c) variation in angle of shearing resistance.
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Fig. 4. Stress-strain behaviour of the geocell reinforcement.

before filling the first layer to its full height. The similar sequence was
continued to fill the complete portion of the geocell layer. Upon filling
of all the geocell pockets, the top layer with a thickness of 60 mm was
provided. The photographs of the preparation of foundation beds are
shown in Fig. 5.

3. Numerical modelling

3.1. Numerical model (meshing, boundary conditions and material
properties)

In the present study, numerical analysis was carried out using the
Fast Lagrangian Analysis of Continua in three-dimensions (FLAC®P). It
was selected due to its capability of simulating the complex behaviour
of various geotechnical problems under static and cyclic loading con-
ditions. Several studies in the past have used FLAC for analysing the
dynamic response of foundation beds under the machine induced vi-
brations. Haldar and Sivakumar Babu [70] compared the dynamic re-
sponse of foundation bed reinforced with metallic bars obtained from
the experimental study using FLAC2D. Ghosh [71] studied the dynamic
interference of two closely spaced machine foundations through
FLAC3D. The several studies have reported the efficacy of FLAC in
studying the behaviour of geosynthetics reinforced foundation beds
under static and dynamic loading conditions
[27,33,34,39,44,45,51,72]. Thus, in this study FLAC®P was used for the
numerical investigation. It uses an explicit finite difference formulation
for obtaining the solution of initial and boundary value problems. It
consists of different built-in constitutive models, and structural
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elements (SELs) for modelling the wide variety of soil behaviour, geo-
materials and reinforcements. The SELs are used to model the different
structural components, namely, beams, cables, piles, shells, geogrids
and the liners. It is also equipped with the interface elements to si-
mulate the interface behaviour between two distinct materials like,
faults in the rocks, and the interface between soil and geosynthetics.
Further, FLAC® contains a powerful built-in programming language
called FISH (FLACish) for analysing and defining the new variables and
functions.

The existing subsurface profile significantly influences the dynamic
response of the foundation soil system [47]. Hence, in the present
study, the existing subsurface profile at the test site was considered into
account for simulating the vibration tests using FLAC®P. The variation
in subsurface was investigated using the Standard Penetration Test
(SPT) data. Initially, the obtained SPT-N values were corrected to 60%
energy as per the recommendations of Skempton [48]. The corrected
SPT-N values revealed that the subsurface consists of three different
layers, namely, silty/clayey sand, loose sand, and dense sand from the
ground surface. The different properties of the individual soil layers
were determined through the laboratory tests. The variation in sub-
surface profile with their properties, and the change in corrected N
value with the depth is presented in Fig. 6a—b. The Poisson's ratio (v)
value of 0.3 was considered for the soil layers across the depth [49].
The Young's modulus (E) of the subsurface soil layers were determined
using the corrected SPT-N values as per the recommendations of Bowles
[50]. The elastic modulus for the existing soil layers can be determined
by,

For Silty Clay: E = 300(N + 6) (€]

For Sand: E = 7000/N &)

where N is the corrected SPT-N value and E is obtained in kPa. Further,
the elastic modulus calculated from the SPT data was converted to their
respective dynamic modulus [66,81]. The Alpan [66] has proposed the
empirical curves to convert the elastic modulus to the dynamic mod-
ulus. Also, Wichtmann and Triantafyllidis [81] proposed the correlation
between static modulus (obtained from triaxial tests) and dynamic
modulus (from resonant column tests) for non cohesive soils. These
dynamic modulus values for different soil layers has been presented in
Fig. 6a. The same values were employed for the numerical simulation
purpose.

In the present study, the subsurface was modelled with three
numbers of individual soil layers [68,69,71]. The Mohr Coulomb con-
stitutive behaviour was used to similate the behaviour of subsurface
instead of Gibson soil model. The study of Mbawala [69] reported that
the change in dynamic response of machine foundation was

Fig. 5. Preparation of foundation bed: (a) excavated test pit; (b) partially filled geocell reinforcement.
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Fig. 6. Details of the subsurface profile: (a) soil profile; (b) variation in corrected SPT-N value with the depth.

insignificant while modelling the subsurface through Gibson soil model
and homogeneous soil layer. The various researchers have considered
the constant elastic modulus for the entire depth of individual soil layer
while modelling the subsurface profile [68,71]. Thus, the modulus of
the individual soil layers was maintained constant in the numerical
analysis. Initially, the preliminary analysis was carried out to under-
stand the effect of boundary location on the dynamic response of the
reinforced soil system. From the preliminary analysis, the complete
dissipation of vibration energy was observed at the distance of 12B
from the footing face. Hence, the dimension of the numerical model was
selected as 15m X 15m X 10m. The sensitivity analysis was per-
formed to determine the optimum mesh size (density) for the model in
the present study. It was carried out by varying the number of zones of
the numerical model. The displacement amplitude of the geocell re-
inforced foundation bed at the resonant frequency of eccentricity angle
20° was considered for the analysis. The variation in amplitude of the
vibration with the change in number of zones of the model is shown in
Fig. 7. It was noticed that the increase in amplitude of the vibration
with the increase in number of zones. The increment in amplitude was
found negligible when the number of zones beyond 18,000. Hence, the
number zones were considered as 18,000 to simulate the geocell re-
inforced machine foundation bed. The brick element was used to model
the subsurface and the machine foundation. The dimension of the
foundation bed was considered as similar to the experimental study.
Over the simulated foundation bed, the machine load was applied. The
Mohr-Coulomb constitutive behaviour was considered to simulate the
foundation soil. Several researchers [51-53] have been used the similar
constitute behaviour for the simulation of the problems subjected to the
dynamic loading conditions. The concrete footing was modelled as a
linear elastic material. In order to simulate the vibration decay in the
soil system, 5% material damping was considered for all the soil layers
[54]. The displacement was restrained in all the three directions at the
bottom plane of the model. Whereas, it was allowed in vertical direc-
tion and restrained in horizontal directions at the vertical faces of the
model. In order to simulate the far field response of the site, quiet
boundaries were applied to the extreme (vertical and horizontal)
boundaries of the numerical model. It helps in minimizing the wave

reflections into the system from the model boundaries. In the present
study, the geocell mattress was simulated by using two modelling
techniques, namely, Equivalent Composite Approach (ECA), and Hon-
eycomb Shape Approach (HSA). In both the techniques, the width and
the depth of placement of geocell was considered as similar to the ex-
perimental study. The developed FLAC®P finite difference models for
different reinforced cases with the subsurface profile are shown in
Fig. 8a—c.

In the present study, the performance of unreinforced and geocell
reinforced conditions were analysed under the application of vertical
mode rotating mass type excitation. The relationship between total
vertical harmonic excitation applied over the footing in terms of ec-
centricity angle (6) and magnitude of the vertical unbalanced force (F;)
is given by,

F(t) = Fosin(g)
2 3)

0.22
E0.216 -
£ \
o
= Considered for this study
=0.212 A
o
g
<
2 0.208 1
o
2
=
A 0.204
0.2 T T T T T
0 10000 20000 30000 40000 50000 60000

Number of zones

Fig. 7. Variation in displacement amplitude with the increase in number of
zones.
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Fig. 8. FLAC®P finite difference model for different conditions: (a) unreinforced; (b) geocell reinforced-ECA; (c) geocell reinforced-HSA; (d) typical loading pattern.

Fy = meew? (me = %)

8 C)

F(t) = %ewzsin(g)

g 2 )
where F (¢) is the vertical component of the total dynamic force in N, Fy
is the total unbalanced dynamic force excited over the footing in N, We
is the eccentric weight in the oscillator in kg, e is the eccentricity (ra-
dius) of the rotating mass in the oscillator in m, w is the circular natural
frequency in cycles (rotations) per second, t is the dynamic time in s and
g is the acceleration due to gravity in m/s% The detailed description
pertaining to the derivation of above mentioned formulae is reported by
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Richart et al. [54] and Das [80]. The frequency of the dynamic ex-
citation was varied from 5 Hz to 45 Hz with an increment of 5 Hz. The
input dynamic motion applied over the machine foundation corre-
sponding to the frequency of 5Hz is shown in Fig. 8d.

The properties of different materials used in the numerical analysis
have been summarized in the Table 2. The direct shear test was per-
formed to determine the shear strength properties of the foundation
soil. The Young's modulus (E) of the foundation soil was determined
through the consolidated undrained triaxial compression test. Alter-
natively, the realistic dynamic modulus obtained from resonant column
test may also be used in the simulations. The shear and bulk modulus of
the equivalent composite layer was borrowed from the studies of Latha
and Somwanshi [37], and Hegde and Sitharam [33]. The dilatancy
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Table 2
Properties of different materials used in numerical modelling.

Material Parameter Value

Foundation soil (Silty sand) Unit weight, v (kN/m?) 17.45
Angle of shearing 32
resistance, ¢ (°)
Cohesion, C (kPa) 1
Young's modulus, E (MPa) 20
Poisson's ratio, v 0.3

Concrete footing Modulus of elasticity of 2 x 10*
concrete, E. (MPa)
Unit weight of concrete, v, 24
(kN/m®)
Poisson's ratio of concrete, 0.15
Ve

Geocell-soil composite layer (Equivalent Cohesion (kPa) 33

Composite Approach) Internal friction (°) 32

Poisson's ratio, v 0.3
Shear modulus, G (MPa) 25
Bulk Modulus, K (MPa) 50

Geocell (Honeycomb Shape Approach) Young's modulus, E (MPa) 275
Poisson's ratio, v 0.45
Thickness, t; (mm) 1.53
Interface shear modulus, k; 2.36
(MPa/m)
Interface cohesion, c; (kPa) 0
Interface friction angle, ¢; 30

©)

parameter of the soil was considered as 2/3rd of the angle of internal
friction as suggested by [33,37]. The value of the Poisson's ratio (v) of
the foundation soil was borrowed from Bowles [50]. The unit weight,
modulus of elasticity, and the Poisson's ratio of the concrete footing
were considered from the guidelines of IS: 456 [61]. The modified di-
rect shear test was performed in accordance with ASTM D-5321 [62] to
determine the interface shear properties between the geocell and infill
material. Itasca [63] and Hegde and Sitharam [45] suggested an in-
terface shear modulus (k;) of 2.36 MPa/m for the geocells. The Young's
modulus of the geocell reinforcement was determined from the tensile
stress-strain curve as shown in Fig. 4.

3.2. Equivalent Composite Approach (ECA) of modelling geocells

As per ECA, the geocell and its infill material was modelled as an
equivalent composite soil layer with improved strength and stiffness
parameters. The performance of the geocell reinforced bed is majorly
depends upon the mobilization of additional confinement pressure
under cyclic loading conditions [55]. Currently, various models
[35,36,56,57] are available for the determination of mobilized con-
finement in the presence of geocell reinforcement. However, in this
study, the simple model proposed by Henkel and Gilbert [58] has been

T
A

1

kl, is interface shear modulus
> 4.
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used for the determination of the increase in confinement as given

below.
[ } (6)

Where &, is the axial strain at failure, £, is the circumferential strain in
the geocell, d’ is the diameter of cell pocket at axial strain £,, M is the
secant modulus of the geocell material corresponding to axial strain £,
d is the equivalent diameter of the geocell pocket opening. The similar
approach has been adopted by various researchers [34,37,59,60] for
modelling the geocell reinforcement. The studies conducted by Bathurst
and Karpurapu [58] and Rajagopal et al. [36] suggested that the co-
hesion value of composite layer increases without any change in the
angle of shearing resistance. The increase in cohesion of the equivalent
composite layer with the increase in confinement pressure was de-
termined using the equation proposed by Rajagopal et al. [36]. It can be
determined by,

_ l+sing

1-/1-¢,

1_§a

M, 1
g3 =
d’

l_ga

M

d

)

14

- 1-sing (8)

where C, is the increase in cohesion due to the increase in the confining
pressure (Ads), K}, is the coefficient of passive earth pressure (depends
on the internal friction angle (@) of the infill material). The developed
equivalent composite layer is shown in Fig. 8b. It was modelled as to
follow elastic-perfectly plastic Mohr-Coulomb failure yield criterion.
The various properties of geocell-soil composite layer have been sum-
marized in the Table 2.

3.3. Honeycomb Shape Approach (HSA) of modelling geocells

Honeycomb Shape Approach (HSA) is a complicated and realistic
approach for modelling the geocell reinforcement. It involves the con-
sideration of the actual curvature of the geocell pockets. Also, HSA
facilitates to simulate the geocell and the infill material with two dif-
ferent constitutive behaviours to represent the actual field scenario. The
photograph of the expanded geocell was digitized to obtain the co-
ordinates of the actual curvature. The obtained coordinates were used
to model the 3D honeycomb shape of the geocell in FLAC®". Yang et al.
[43] and Hegde and Sitharam [33,34,45] have also adopted a similar
approach for modelling the geocell reinforcement. The geogrid struc-
tural element available in FLAC®® was used to model the geocell re-
inforcement. The developed actual honeycomb shape of the geocell
reinforcement using the HSA technique is shown in Fig. 8c.

The linear elastic and Mohr Coulomb constitutive models were used
to simulate the behaviour of geocell and infill material, respectively.
The joint strength of the geocell was maintained by fixing the nodes at

1

T

(]

Cl,is interface cohesion

i @; 1s interface friction angle

> o

Fig. 9. Interface shear behaviour between geocell and infill material [63,45]: (a) shear stress (z) versus shear displacement (uy); (b) shear stress (r) versus normal

stress (0).
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their joints. The other important mechanism offered by the geocell re-
inforcement is the interface shear behaviour. The interface shear re-
lationship between the geocell and the infill material was considered as
linear with Mohr-Coulomb failure criterion as shown in Fig. 9.

The method adopted for analysing the present dynamic problem
follows three major steps. Initially, the concrete footing was simulated
over the foundation bed and the static stress was applied. The magni-
tude of static stress was equal to the stresses generated due to self-
weight of footing and machine parts. In the second stage, vertical dy-
namic excitation was applied by considering the dynamic time interval
of 10s. The FISH programming language was used for simulating the
dynamic excitation over the machine foundation. It replicates the vi-
brations induced from the machine in the real field scenario. The
analysis was continued by changing the frequency of the dynamic ex-
citation as discussed in the experimental program. These vibrations are
transmitted into the soil through the footing. In the third stage, dy-
namic excitation is turned off at the estimated time interval and the soil
was allowed to vibrate freely. Finally, before starting the dynamic
analysis, the nodal points were selected at the required positions over
the surface of the foundation bed. It helps to measure the dynamic
response the foundation bed under the applied dynamic excitation.
Initially, the numerical models were systematically validated with the
results obtained from the field studies. The experimental results of
geocell reinforced conditions were compared with the two modelling
approaches, namely, ECA and HSA. Further, the validated numerical
model was used to investigate the influence of various reinforcement
parameters on the performance of geocell reinforced machine founda-
tion bed.

4. Results and discussion

The variation of the displacement amplitude with the frequency
obtained from the experimental and numerical study for different re-
inforced conditions is shown in Fig. 10. From the figure, it was observed
that the resonant amplitude of foundation bed was significantly re-
duced in the presence of geocell reinforcement. In the presence of
geocell, 56% reduction in the displacement amplitude was observed as
compared to the unreinforced condition. Similarly, 42% change of re-
sonant frequency was observed in the presence of geocell reinforce-
ment. The all-round confinement offered by geocell reinforcement is
the reason for the improvement in the frequency and the reduction in
amplitude of the system. The experimental results of unreinforced
condition have shown good agreement with the numerical results.
Further, it was observed that the approach used for modelling the
geocell reinforcement plays a prominent role in obtaining the actual
response of a geocell reinforced system. It is evident from Fig. 10 that
the HSA provides a good estimation of the experimental results as
compared to the ECA. The ECA was found to overestimate the beha-
viour of geocell reinforced condition. As compared to the experimental
results, the ECA overestimated the change of resonant frequency and
the reduction in displacement amplitude by 4% and 10% respectively.

The change in amplitude of the vibration of the soil particles with
respect to time was quantified in terms of Peak Particle Velocity (PPV).
It signifies the maximum velocity attained by the soil grains due to the
transmission of induced vibration energy through the foundation bed.
The accelerometer was used to measure the velocity attained by the soil
particles due to the machine induced vibration. It is capable to measure
the velocity up to 200 mm/s with the resolution of 0.1 mm/s. Primarily,
the accelerometer positions were predetermined and marked over the
ground surface from the vibration source. The base of the accelerometer
was made to rest over the ground surface. The other end was connected
to the vibration meter. It helps to record the vibration pick ups received
from the accelerometer in terms of velocity. Total, four accelerometers
were placed at the intervals of 0.5m from the vibration source to
measure the variation in PPV of different conditions. The comparison
between the variation in peak particle velocity observed from the
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experimental and numerical studies for different reinforced conditions
is shown in Fig. 11. From the figure, about 49% reduction in PPV was
observed in the presence of geocell at 0.5 m distance, as compared to
the unreinforced condition. The PPV values estimated from the nu-
merical simulations have shown a good agreement with the experi-
mental findings. The HSA provided the realistic estimation of PPV than
the ECA.

The area surrounded by the vibration source may get affected by the
spreading of induced vibrations from the oscillator. The distribution of
the emanated energy was studied in the form of displacement contours.
The variation in the lateral spreading of emanated vibrations from the
machine source for different reinforced conditions is shown in Fig. 12.
The presented results are corresponding to their respective resonant
frequencies. From the figure, the maximum lateral spreading was ob-
served in the case of the unreinforced condition. However, it was sig-
nificantly reduced in the presence of geocell reinforced condition due to
the better energy absorption. The provision of geocells leads to an in-
crement in the confinement area which further results in better ab-
sorption of emanated energy. From the figure, it was observed that the
lateral spreading of the displacement was less in ECA as compared to
the HSA. The distribution of displacement contours was extended up to
6.5B and 8.0B from the source in the ECA and HSA techniques re-
spectively. The overestimation of the natural frequency of the founda-
tion soil system in the ECA is the reason for observing lesser displace-
ment values.

Further, the improvement in the dynamic properties of the foun-
dation bed in the presence of geocells was investigated. The results of
the two modelling techniques were compared with the experimental
results. The dynamic properties studied in the present study include the
dynamic elastic constants, stiffness and the shear modulus of the
system. The considered dynamic elastic constants include coefficient of
elastic uniform compression (C,), coefficient of elastic uniform shear
(C)), coefficient of elastic non-uniform compression (C,), and coeffi-
cient of elastic non-uniform shear (Cy). The improvement in elasticity
of the soil in the presence of reinforcement was studied in terms of
coefficient of elastic uniform compression (C,). It can be determined by,

C, = 4m?f? M

" ©

where M is the total mass of the concrete block and oscillator assembly,
A is the contact area of the block with the soil and f,, is the natural
frequency of the foundation soil system. The coefficient of elastic uni-
form compression is the ratio of external uniform pressure in vertical
direction to the elastic part of the vertical settlement. It represents the
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Fig. 10. Comparison of displacement amplitude-frequency behaviour obtained
from experimental and numerical studies.
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Fig. 11. Comparison of the change in PPV with the distance obtained from the
experimental and numerical studies.

coefficient of subgrade reaction of the soil in vertical deformation
mode. From the obtained C, value, the remaining dynamic elastic
constants, namely, C,, C,, and Cy were determined based on the fol-
lowing relationships suggested by the Barkan [64].

C.=05 C, 10)
C¢ = ZCM (11)
Cy =075 C, (12)

These parameters represent the deformation modes in uniform
shear, non-uniform compression and non-uniform shear directions re-
spectively. The stiffness of the reinforced foundation bed was calculated
by multiplying the contact area of the block with the soil and the
coefficient of elastic uniform compression. The shear modulus (G) of the
soil was determined by using the following equation as suggested by
Lysmer [65].

G = KQ1-v)
TS 13)
= JAlT a4

where K is the soil stiffness, v is the Poisson's ratio of the soil and r, is
the equivalent radius of the non-circular footing.

The variation in dynamic elastic constants for different reinforced
conditions is shown in Fig. 13(a). Similarly, the variation in stiffness
and shear modulus of the reinforced beds is shown in Fig. 13(b). It is
evident from Fig. 13 that the ECA overestimated the dynamic properties
of the foundation bed. The dynamic elastic constants and the shear
modulus were overestimated by around 9% in the ECA as compared to
the experimental values. On the other hand, the HSA provided a rea-
listic estimation of these dynamic properties with the variation of
around 3%. Hence, HSA was used for further analysis to understand the
influence of various geocell properties on the dynamic response of the
reinforced foundation bed.

As a result of the machine loading, the reinforcement undergoes
considerable amount of deformation. Hence, in this study, the variation
in the deformation profile of the reinforcement along its length has
been investigated. The variation in the deformation profile of the geo-
cell reinforcement is shown in Fig. 14. The presented deformation is
corresponding to the resonant frequency of the geocell reinforced
condition. The deformation of the geocell was observed at three dif-
ferent locations namely, at A-A (centre), 0.5m (B-B), and 1 m (C-C)
from the centre to both sides of the reinforcement. From the figure, it
was observed that the maximum displacement in the reinforcement
occurred at its centre and it decreases with the increase in distance from
the centreline of reinforcement.

The effect of normalized cell depth (H/B) and normalized pocket
diameter (d/B) of the geocell on the isolation of vibration was
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investigated. The H/B and d/B used in the experimental investigation
are 0.2 and 0.42 respectively. The isolation efficiency of the cellular
confinement system was studied in terms of Amplitude reduction ratio
(Arp). The Ay is the ratio between the displacement amplitude of the
reinforced system to that of the unreinforced system. It should be lowest
for better isolation system. The variation in amplitude reduction ratio
with the change in the normalized cell depth and diameter is shown in
Fig. 15a. From the figure, it can be observed that the amplitude re-
duction ratio reduces with an increase in the cell depth for the irre-
spective of the pocket size. Moreover, for a constant value of cell depth,
the A,rwas found to increase with an increase in pocket size. The rate of
reduction in A,r was found minimum beyond the cell depth of 0.25B.
Hence, 0.25B was considered as the optimum cell height for the ef-
fective screening of the amplitude of vibrations. Further, the screening
efficiency was found to increase with the decrease in normalized pocket
diameter.

Similarly, the change of resonant frequency with the change in
normalized cell depth and diameter was studied in terms of Frequency
improvement ratio (F;). It represents the change in resonant frequency
of the foundation soil system in the presence of reinforcement. The F;.
can be defined as,

F=1
E, (15)
where F, is the resonant frequency of the reinforced soil system, and F,
is the natural frequency of the unreinforced soil system at the resonance
condition. The variation in frequency improvement ratio with the
change in normalized cell depth and diameter is shown in Fig. 15b.
From the figure, it was observed that the F, increased with an increase
in cell depth for all the values of the normalized pocket diameter.
Further, maximum rate of improvement in F, was observed with the
decrease in normalized pocket diameter at the cell depth of 0.25B.
Overall, the minimum cell diameter with the cell depth of 0.25B is
suitable for the effective isolation of machine induced vibrations and
changing the resonant frequency of a system.

On the other hand, the effect of damping is significant when the
foundations are resting over the existing soil surface [73,74]. In the
present study, the effect of geocell in improving the damping ratio of
foundation bed was investigated. The damping ratio (¢) is defined as the
ratio between the damping coefficient of the reinforced system to the
damping coefficient of unreinforced system. Mathematically,

Sk

T

(16)

where ¢ and (i are the damping coefficients of the unreinforced and
geocell reinforced soil systems respectively. The damping coefficient ({)
under vertical mode of vibration can be determined by using the fol-
lowing equation as suggested by Hardin and Drnevich [82].

34 2 J/Gp

¢= 1-v

a7
where 9, G and p are the Poisson's ratio, shear modulus and density of
the soil respectively, and r, is the equivalent radius of the circular
foundation. The shear modulus of the soil can be calculated by using the
Eq. (13) as mentioned in the original manuscript. From the Eq. (16), the
damping ratio for the unreinforced condition is one. Whereas, it was
observed as 1.42 in the case of geocell reinforced condition. It indicates
that the improvement in damping ratio of the foundation bed in the
presence of geocell reinforcement. The improvement in damping ratio
is contributed of two parts, namely, material and radiation damping.
The material damping is due to the hysteresis effect of soil under
loading condition. Whereas, the radiation damping is due to the dis-
sipation of emanated vibration energy by radiation process.
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Fig. 12. Displacement contours: (a) unreinforced; (b) geocell reinforced-ECA; (c) geocell reinforced-HSA.

4.1. Factors affecting the dynamic response of cellular confinement cells

With an increase in the number of manufacturing companies, a wide
variety of cellular confinement products are available in the market.
There is a significant deviation in the geometry and strength properties
from one product to another. The performance of the reinforced foun-
dation bed gets influenced by the change in properties of the re-
inforcement material. In this section, the effect of various geocell
properties on the dynamic response of geocell reinforced soil system has
been investigated through the validated numerical model. The different
geocell properties considered are, (i) elastic modulus of the geocell; (ii)
interface friction angle; (iii) depth of placement; and (iv) width of the
geocell mattress.

The modulus of the geocell used in the baseline case (experimental
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study) was 275 MPa. To understand the effect of change in the geocell
modulus value, two lower and two higher values were selected. The
modulus of the geocell was changed to one-fourth (i.e., 68.75 MPa),
half (i.e., 137.5MPa), twice (i.e.,, 550 MPa) and four times (i.e.,
1100 MPa) of its original value. The variation in displacement ampli-
tude-frequency behaviour of geocell reinforced bed with the change in
the geocell modulus is shown in Fig. 16a. From the figure, it was ob-
served that with an increase in geocell modulus, the natural frequency
(f,z) of the foundation bed was improved and the resonant amplitude
(X;) was reduced. Hegde and Sitharam [34,45] have also observed that
the geocell modulus directly influences the performance of the foun-
dation bed under static loading conditions.

The interface friction angle for the NPA geocell used in the ex-
perimental study was 30° as estimated from the modified direct shear
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test. The rough texture on the surface of the NPA geocell and the silty
sand infill material account for such high interface friction value. The
interface friction angle would change with variation in the surface
texture and infill material. The various interface friction angle values
considered for the parametric analysis are 22°, 26°, and 34°. Fig. 16b
shows the displacement amplitude-frequency behaviour of the geocell
reinforced foundation bed for different interface friction angles. From
the figure, a reduction in displacement amplitude (X;,) and an change in
natural frequency (f;;;) of the foundation soil system was observed with
an increase in interface friction angle. This improved performance of
foundation bed is attributed due to the increase in friction force de-
veloped between the infill material and the inner surface of the geocell.
The induced friction force will act in the opposite direction, thus re-
sulting in a reduction in displacement amplitude.

The geocell was placed at a depth of 0.1B in the experimental study
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reinforcement.

(where B is the width of the machine foundation). For the parametric
analysis, the depth of placement (u.) of the geocell was varied from
0.1B to 0.3B with an increment of 0.1B from the ground surface. The
placement of geocell mattress directly on the ground surface (i.e. at 0B)
is not practically feasible. A minimum soil cover is always essential to
avoid the distortion of geocell reinforcement. Fig. 16¢ represents the
variation in displacement amplitude-frequency behaviour with the
change in depth of placement of geocell under the machine foundation.
From the results, it was observed that the amplitude of vibration in-
creases with an increase in the placement depth beyond 0.1B. Hence,
0.1B was considered as an optimum depth of placement of the geocell
mattress for the effective improvement of the machine foundation be-
haviour.

The width of the geocell mattress used in the experimental study
was 2m (3.33B). For the parametric study, the width of the geocell was
varied between 1m (i.e., 1.67B) and 4m (i.e., 6.67B) at the optimum
depth of placement of geocell reinforcement. Fig. 16d shows the var-
iation in displacement amplitude vs. frequency behaviour with the
change in the width of the geocell mattress. The performance of geo-
cells was improved with an increase in its width. With the increase in
width of the geocell mattress, the emanated vibrations scatter through a
wider area. It has led to a reduction in vibration amplitude. With the
increase in geocell width, the number of cells under the footing was also
increased, thus resulting in further densification of the foundation soil
mass. Hence, the performance of the foundation bed was directly in-
fluenced by the width of the geocell mattress. The performance of the
foundation bed significantly improved up to a width of 5B. The im-
provement was found marginal when the width of the geocell mattress
increased beyond 5B. Hence, the optimum width of the geocell mattress
was considered as 5B.

Further, the influence of geocell properties on the dynamic prop-
erties of the reinforced foundation bed was investigated. The variation
in the dynamic properties with the change in geocell properties are
summarized in Table 3. The dynamic properties were significantly
improved with an increase in modulus, interface friction angle, and
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width of the geocell mattress.
5. Conclusions

The numerical simulation technique was successfully demonstrated
to understand the effectiveness of the cellular confinement systems in
isolating the machine induced vibrations. The developed numerical
models were initially validated with the results of large-scale block
resonance tests conducted over the unreinforced and geocell reinforced
conditions. From the results, it was observed that the displacement
amplitude was reduced by 56% in the presence of geocell

Table 3

reinforcement. Similarly, 42% change of resonant frequency of the
unreinforced foundation bed was observed. In the presence of geocell
reinforcement, the PPV was reduced by 49% at 0.5 m distance from the
vibration source. The performance of geocell reinforced condition was
predicted through two different numerical approaches, namely, ECA
and HSA. Geocell modelled through the HSA has shown good agree-
ment with the experimental results as compared to the ECA. The ECA
was found to overestimate the improvement in resonant frequency and
the reduction in amplitude by 4% and 10% respectively. The numerical
results based on the HSA revealed that the minimum cell depth of 0.25B
with a smaller geocell pocket diameter can provide better isolation

Dynamic properties of the foundation bed for the different values of geocell properties.

Parameters Resonant Resonant Dynamic properties of foundation bed
frequency, f; amplitude, X,
(Hz) (mm) Coefficient of elastic Coefficient of Coefficient of Coefficient of elastic Soil stiffness,
uniform compression, elastic uniform elastic non-uniform  non-uniform K (MN/m)
C, (MN/m>) shear, C, (MN/m®) shear, C, (MN/m®)  compression, C, (MN/
m?)
Modulus of geocell, E 68.7  33.5 0.24 70.3 35.1 52.7 140.5 25.3
(MPa) 137.5 34.7 0.23 75.4 37.7 56.5 150.8 27.1
275 36.0 0.22 81.1 40.6 60.8 162.3 29.2
550 36.9 0.20 85.2 42.6 63.9 170.5 30.7
1100 38.0 0.18 90.4 45.2 67.8 180.8 325
Interface friction 22 34.0 0.27 72.4 36.2 54.3 144.7 26.1
angle, ¢; () 26 34.8 0.24 75.8 37.9 56.9 151.6 27.3
30 36.0 0.22 81.1 40.6 60.8 162.3 29.2
34 36.5 0.19 83.4 41.7 62.6 166.8 30.0
Depth of placement 0.1B  36.0 0.22 81.1 40.6 60.8 162.3 29.2
of geocell, u, (m) 0.2B  34.8 0.24 75.8 37.9 56.9 151.6 27.3
0.3B 34.0 0.27 72.4 36.2 54.3 144.7 26.1
Width of geocell (m) 1 33.8 0.26 71.5 35.8 53.6 143.0 25.8
2 36.0 0.22 81.1 40.6 60.8 162.3 29.2
3 36.9 0.20 85.2 42.6 63.9 170.5 30.7
4 37.7 0.18 89.0 44.5 66.7 178.0 32.0

232
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performance. The results of the parametric studies revealed that the
modulus and the interface friction angle directly influence the perfor-
mance of geocell reinforced foundation beds.
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