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Abstract Over the past few decades, Dynamic compaction

(DC) has gained popularity as an effective improvement

technique for geomaterials in view of its simplicity, low-

environmental impact and cost effectiveness. The low

carbon footprint associated with this ground remediation

method addresses the adverse ecological threats imposed

on the environment and society due to unsustainable

geotechnical engineering practices encountered in the face

of rapid urbanization. In the literature, studies related to

numerical modelling of DC are limited, and the existing

databases are founded on field trials, past experience and

empirical equations. Further, till date, numerical evaluation

of improvement in soil strength post DC is restricted pri-

marily to change in relative density of soil samples before

and after impact, whereas, in the field, shear wave velocity

(Vs) profiling is frequently adopted as a monitoring tech-

nique for measuring the degree and depth of improvement.

This necessitates a quantitative correlation between the DC

design parameters (tamper radius, energy and momentum)

and the available shear wave profile data measured in the

field for effective design and execution of DC methodol-

ogy. In order to overcome the above mentioned research

gaps, an elasto-plastic soil model with Drucker–Prager

failure criteria is incorporated in the present study using FE

software ABAQUS. The response of the soil model to large

strains developed during multiple tamper drops on dry sand

is investigated numerically, and validated with the results

of a centrifuge model test, and numerical analyses pub-

lished in literature. Further, the shear wave velocity of soil

samples is assessed numerically based on the value of shear

modulus, and subsequent improvement in model soil due to

impact (66% in the present case) is studied to arrive at a

better practical application. The results are compared with

physically observed field data, and are found to corroborate

well. Subsequent parametric studies are carried out by

varying the design parameters related to DC, which indi-

cates that the degree and depth of improvement of soil in

terms of Vs increases substantially (about 40%) with an

increase in momentum and decreasing tamper radius (about

60%), whereas, energy imparted has comparatively lesser

impact on improvement. A method is eventually proposed

with design equations to calculate the improvement after

DC in field based on Vs profiling, depending on momentum

and radius of tamper. Further, structural requirements

coupled with Vs profile data computed in the ground

remediated by DC can help in avoiding construction of

expensive deep foundations in sites exhibiting poor subsoil

profiles, thereby economizing the project. In addition, the

above concept ensures sustainability in engineering prac-

tices by enabling land-reclamation and utilization of sites

exhibiting locally available compressible soils for infras-

tructure construction and foundation support.

Keywords FE modelling � ABAQUS �
Dynamic compaction � Shear wave velocity

Introduction

Over the past few years, rapid urbanization and demand for

new infrastructures have aroused discussions in various

political, social and economic arenas on the increasing
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carbon dioxide emission levels associated with the con-

struction industry. Thus, the necessity of sustainable

environment-friendly construction methodologies has

come to the forefront, especially in connection with foun-

dation design on loose subsoils, along with due consider-

ation of quality control and cost involved. In recent years,

dynamic compaction (DC) has evolved as a widely adopted

ground remediation technique for improving the charac-

teristics of loose cohesionless soils by the transmission of

high-energy waves within the soil mass. In addition to

being economically viable, the carbon footprint associated

with DC (both for direct and indirect emissions) is signif-

icantly less when compared to conventional deep founda-

tion techniques [1]. Hence, substantial reduction of

greenhouse gas (GHG) emissions occur in association with

this technology, thereby addressing the unsustainable

ecological imbalance inflicted by alternate geotechnical

engineering operations.

The current practice for evaluating the feasibility of DC

and optimization related to desired depth and degree of

improvement in the field are not properly established. The

decisions of proper selection of operational parameters

(viz. mass, height of fall, energy, tamper radius etc.) have

to be made depending primarily on field trials, past expe-

rience, and empirical formulas suggested by Menard and

Broise [2] and Leonards et al. [3]. In the literature, field

tests and case studies on the use of DC in field were doc-

umented by Mayne et al. [4], Kumar and Puri [5], Zou et al.

[6], Bo et al. [7] and Feng et al. [8]. However, limited

information can be gathered from the field studies men-

tioned above due to difficulties encountered on account of

heterogeneous soil at the site, and problems related to

instrumentation and data acquisition. Moreover, the results

presented were extremely site-specific, and cannot be

generalized for effective modelling of DC in the field.

Further, laboratory investigations on low energy com-

paction process were carried out by Feng et al. [9], Arslan

et al. [10], Hajialilue-Bonab and Rezaei [11], Bonab and

Zare [12] and Kundu and Viswanadham [13]. However,

1 g conditions cannot replicate stress history and state of

stress accurately in model as that existing in a full-scale

prototype [14]. Hence, stresses and deformations obtained

on the basis of the laboratory investigations conducted at

1 g cannot predict the actual soil response in the field.

As an alternative approach, researchers like Scott and

Pearce [15], Holeyman [16], Smits and Quelerij [17],

Chow et al. [18–20], Corapcioglu et al. [21], Gunaratne

et al. [22] and Pan and Selby [23] modelled the impact of

DC on geomaterials analytically and/or numerically.

However, most of the studies were based on one-dimen-

sional soil models or elastic constitutive laws, which beside

other shortcomings, could not simulate the lateral spread-

ing taking place during ground improvement. Further, in

the advanced numerical soil models used by Gu and Lee

[24] and Ghassemi et al. [25], the improvement in soil

strength post DC was analyzed with respect to change in

relative density of soil samples before and after impact,

whereas, in actual practise, CPT or SASW techniques are

more frequently adopted in field to monitor the soil

improvement after ground remediation techniques. Another

notable factor is that, the initial relative density in case of

Gu and Lee [24] and initial SPT value in case of Nashed

et al. [26] were assumed to be constant with depth, contrary

to actual field condition. Thus, there is a possibility that the

predicted values related to depth and degree of improve-

ment may not represent the results obtained in field during

soil investigation post DC.

In the present paper, an attempt is made to address the

above research gaps by numerical investigations related to

ground response during DC at a single point, and subse-

quently study the intrinsic design parameters affecting the

degree and extent of improvement. The constitutive law

and modelling considerations involved are discussed in

detail, and a validation check has been conducted by

comparing the analysis results with relative density mea-

surements reported by Oshima and Takada [27] during

centrifuge model tests related to DC of dry sand. In addi-

tion, the stress paths obtained in the present study are

compared with the numerical model predictions of Gu and

Lee [24], indicating a close correlation. Further, the shear

wave velocity of soil samples before and after impact is

assessed numerically based on the value of shear modulus,

and subsequent improvement in loose soils post DC is

investigated by means of shear wave profiling. SASW

technique is selected in the present study owing to its non-

invasive nature, and its ability to overcome the logistic

effort of drilling expensive boreholes or inserting probes in

the field, which are associated with other subsoil investi-

gation techniques like SPT and CPT, especially in the

present-day context of intensely urbanized settings. The

results obtained have been compared with observed field

data, and are found to corroborate well. Finally, the effect

of energy, momentum and tamper base area on the depth

and degree of improvement due to DC are modelled and

examined.

Modelling Considerations for DC

Meshing Details and Constitutive Law

The model mesh developed in ABAQUS for the present

study related to DC is shown in Fig. 1. It represents an

axisymmetric model consisting of a tamper mass of radius

r (AEFG) and a soil body of width R and depth D (ABCD).

Line DAG represents the axis of symmetry. Both the soil

and the tamper mass are modelled with bilinear
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axisymmetric isoparametric elements. Further, at each

node of the axisymmetric elements used in meshing, two

degrees of freedom, namely u and w (in radial and vertical

direction respectively) are defined related to displacement

of soil mass under dynamic impact. The mesh size in the

present study is selected in accordance with the findings of

Zerwer et al. [28], wherein use of very small element size

was found to generate numerical instability, whereas, lar-

ger elements restricted movement of shorter waves asso-

ciated with higher frequencies. In view of the above, the

soil mass close to the tamper is modelled with finer ele-

ments as compared to points located away from the impact

zone to ensure numerical accuracy. Accordingly, an ele-

ment size of 0.2 by 0.2 m is used close to zone of impact

for accurate modelling of deformations and stresses,

whereas, away from the point of impact, the mesh size is

increased to 0.6 by 0.6 m. The interaction between soil and

tamper mass is modelled using contact interaction

scheme in ABAQUS involving both tangential and normal

components. The interaction component in the normal

direction is assumed to be hard with separation option

activated. Further, a friction coefficient of 0.2 is assumed in

the analysis based on standard frictional values registered

between steel mass (tamper in this case) and soil surface.

The tamper is modelled as an elastic material, having an

elastic modulus of 210 GPa and Poisson’s ratio of 0.303 as

observed in case of standard steel.

The soil is modelled as an elasto-plastic material with an

associative flow rule, and the plastic behaviour of soil is

simulated by using the constitutive law proposed by

Dimaggio and Sandler [29] and subsequently used by Gu

and Lee [24] for replicating large-strain dynamic formu-

lation using 2D FE analysis. The above mentioned con-

stitutive model is well suited for predicting the response of

soil to DC, wherein pressure dependent yeilding occurs in

association with large strains in the vicinity of tamper

mass. It involves prediction using a yield surface (refer

Fig. 2) comprising of a shear failure surface (line AB)

represented by fs in Eq. (1) and a hardening cap (el-

lipse BC) represented by fh in Eq. (2):

fs ¼
ffiffiffiffiffiffiffi

J2D
p

� aI1 � j ¼ 0 ð1Þ

fh ¼ ðI1 � lÞ2 þ R2J2D � ðx� lÞ2 ¼ 0 ð2Þ

where J2D is second invariant of deviatoric stress, I1 is first

invariant of stress, a, j and R are soil parameters, and

parameter l is evaluated from Eq. (3) as follows:

l ¼ x� R:j
1þ R:a

ð3Þ

In the above equation, x is the hardening parameter

which is related to plastic volumetric strain epv by Eq. (4):

x ¼ � 1

D
ln 1� epv

�

W

� �

þ xo ð4Þ

In Eq. (4), D and W are soil parameters and xo is the

initial value of the hardening parameter. The position of the

hardening cap is controlled by parameter x. Hence, as the

soil is compacted, the plastic volumetric strain increases

and so does the value of x to x0; x00 as shown in Fig. 2,

implying that the hardening cap increases in size with

progress of compaction. Further, the behaviour of soil,

within the yield surface, is modelled as a non-linear elastic

material using Poisson’s ratio and bulk modulus as

presented in Eq. (5):

K ¼ Vp0

j
ð5Þ

Fig. 1 Two-dimensional axisymmetric FE model mesh

Fig. 2 Yield locus in I1 �
ffiffiffiffiffiffiffi

J2D
p

plane after hardening

Indian Geotech J (June 2018) 48(2):305–315 307

123



where V is specific volume of soil, p0 is mean stress and j is

the slope of the unloading line in the e-log p0 curve.

Equation (5) hereby takes into account the variation of

elastic properties of soil with depth due to inclusion of the

mean stress component (p0), which increases steadily with

confinement. Thus, the soil properties selected in the pre-

sent study replicate heterogeneities along the depth of soil

mass, as commonly encountered in the field deposits.

However, the present study being based on numerical

simulations has inherent limitations related to accurate

replication of heterogeneities encountered in the field,

which is beyond the present research context. The consti-

tutive law described above is not in-built in ABAQUS.

Hence, user-defined subroutines are coded in FORTRAN

programming language and fed as input in the present

numerical simulation study.

Modelling of Tamping and Simulation of DC Process

The phenomena of falling of tamper mass on the soil sur-

face has to be modelled as a dynamic process, wherein the

tamper mass is released from the required drop height

under gravity as shown in Fig. 3. There are different ways

in which it can be achieved. The method adopted by

majority of researchers was to release the tamper mass

from a desired drop height so as to strike the soil surface

with an impact velocity gained due to the height of fall.

Another approach is to directly apply the impact velocity of

the mass as the impact velocity calculated using Newton’s

laws of motion from Eq. (6):

V0 ¼
ffiffiffiffiffiffiffiffi

2gh
p

ð6Þ

where, Vo is the tamper velocity at the moment of impact, h

represents the drop height and g is the ground acceleration

(= 9.81 m/sec2).

The procedures followed sequentially to evolve at the

technique of modelling DC numerically are discussed

herein. In the initial step, in situ stresses at rest condition

(referred to as geostatic stresses) are modelled and induced

in the soil mass. The vertical stress is calculated by mul-

tiplying unit weight of soil with depth and lateral earth

pressure is calculated by multiplying coefficient of lateral

earth pressure (k0 = 0.5 for all analysis in present study)

with the computed vertical stress. In the first step, gravity

load is applied so as to achieve a state of equilibrium with

exiting geostatic stresses at zero deformations. In the

subsequent steps, repeated tamper impacts are modelled by

directly applying the impact velocity to the mass at regular

intervals. Due to large deformations involved in DC, an

Updated Lagrangian formulation is used in the present

study.

Validation with Published Results

The numerical model developed in ABAQUS is first vali-

dated with results of published literature to ensure its

correctness and robustness. For the purpose of validation,

the centrifuge test results reported by Oshima and Takada

[27] and numerical analysis results of Gu and Lee [24] are

selected. In the centrifuge experiment on DC conducted by

Oshima and Takada [27], a prototype mass of 20 tonnes

with base area of 4 m2 was dropped repeatedly (40 times)

from a drop height of 20 m. The same was modelled

numerically by Gu and Lee [24], wherein a mass of 20

tonnes and base area of 3.98 m2 was dropped with initial

velocity of 19.81 m/sec successively (15 times), corre-

sponding to a height of 20 m. In the present study, the soil

properties for validation and subsequent analyses are

assumed identical to that of the model soil used by Oshima

and Takada [27], which essentially represents a field

deposit. The relevant parameters for the constitutive law

used in the analysis are presented in Table 1. Other

material properties including Rayleigh damping coeffi-

cients, boundary conditions, mesh properties and DC

parameters are kept identical to the numerical research

work conducted by Gu and Lee [24] based on the cen-

trifuge model parameters of Oshima and Takada [27]. The

validation is performed with regard to two aspects, viz. by

monitoring the change in relative density post impact and

the stress paths generated in the process with increasing

impacts.

Fig. 3 Modelling scheme of DC with falling tamper mass
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Validation of Change in Relative Density After DC

Figure 4a compares the variation of relative density with

depth after DC corresponding to results reported by

Oshima and Takada [27], Gu and Lee [24] and that

obtained in the present study. The contour lines corre-

sponding to increase in relative density by 5, 10, 20 and

40% monitored after 15 impacts are presented in Fig. 4a,

which correspond to final relative density values of 40, 45,

55 and 75% respectively in the improved soil stratum for

an initial relative density of 35%. Further increase in rel-

ative density values beyond 75% is encountered in the soil

model at shallower depths, but has not been presented in

the context of the present validation analysis. From Fig. 4a,

it can be inferred that, the vertical depth of improvement

obtained in the present study have similar trends as that

reported in previous studies, including the numerical sim-

ulation results of Gu and Lee [24]. However, some devi-

ation can be observed for the contour lines in lateral

direction, within the limits of numerical and experimental

accuracy. Overall, it can be observed that the results of the

present numerical analysis have corroborated with physi-

cally observed centrifuge test results, thereby validating the

present FE model.

Validation of Stress Path Contours with Increasing Impacts

The stress changes in soil mass generated during dynamic

impact using the present FEM model in ABAQUS for a

point 2.0 m below the surface of the soil, 0.1 m away from

the centreline are plotted in Fig. 4b. The stress paths

obtained in the present study corresponding to 1st and 3rd

impacts are shown, along with the results reported by Gu

and Lee [24]. The similarity in orientations and magnitude

of the stress path between the present study and those

obtained by Gu and Lee [24] proves that the present

modelling of DC is accurate and can be used for further

parametric studies involving different field conditions. In

this regard, it should be mentioned that the marginal

variation between the numerical results reported by Gu and

Lee [24] and those obtained in the present study may be

attributed to differences in tolerance limits and number of

iteration steps involved in both the cases.

Table 1 Material parameters adopted in present numerical analysis

Properties
Soil type

D (m2/kN) W R a j (kPa) je t RD (%) Density (kN/m3)

aSand 0.00018 0.4 4.33 0.231 0 0.003 0.3 35 14.70

aProperties of Oshima and Takada [27] soil sample derived by Gu and Lee [24] which has been used subsequently in the validation study; D, W,

R,: soil parameters adopted in elasto-plastic constitutive law; a, j: Drucker–Prager parameters; je: slope of e-log p curve used in prediction of

bulk modulus of soil; t: Poisson’s ratio and RD: relative density of soil
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Fig. 4 Validation of developed DC numerical model with published

literature. a Contour lines for increase in relative density after 15

impacts. b Stress path for soil (2 m below surface and 0.1 m from

centreline) with increasing impacts as developed in the present study
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Validation of Shear Wave Velocity Profile with Field

Data

Subsoil investigation techniques like SASW are frequently

adopted in field to monitor the state of soil existing at the

site in terms of shear wave velocity data. The same tech-

nique holds good for monitoring the soil improvement

before and after DC in field, wherein SASW is used fre-

quently, as pointed out by Feng et al. [8]. The primary

advantage of SASW technique lies in its non-intrusive

nature, and its ability to cover soil investigation of large

expanse of field area in very short span of time. Hence, in

the present study, the soil improvement after DC is quan-

tified using shear wave velocity measurements (Vs). The

most common method of evaluating the shear modulus (G)

is by conducting SASW, which accurately predicts the

elastic moduli. However, a major problem encountered in

this connection is to predict numerically the field disper-

sion curve (especially in case of layered soils exhibiting

vertical and horizontal heterogeneities), inversion of which

yields the shear wave velocity profile. Hence, in the present

study, shear wave velocity profiling is calculated using the

shear modulus (G) and density of soil (q) as presented in

Eq. (7a). Further, the value of shear modulus (G) at any

point is calculated using the standard relationship involving

the bulk modulus (K), a parameter of the constitutive law

used in the present study, [refer Eq. (5)] and Poisson’s ratio

(t) as shown in Eq. (7b).

Vs ¼
ffiffiffiffi

G

q

s

ð7aÞ

G ¼ 3K 1� 2mð Þ
2 1þ mð Þ ð7bÞ

Earlier research in this area was restricted primarily to

measurement of soil improvement at various depths along

the center of tamper mass. However, as the improvement of

soil after DC is maximum at the tamper center and reduces

with increase in distance from the center, such a case can

over-estimate the improvement. In the field, the optimum

print spacing is generally chosen as 2 times the tamper

diameter as per the database compiled by Chow et al. [20]

on the basis of case histories of several DC project reports.

This implies that the farthest point from center of impact is

at a distance of 2 times the radius of tamper. Hence, in the

present study, the improvement is observed by plotting the

shear wave velocity (Vs) at a distance of 2 times the radius

of tamper from tamper center. The corresponding results

obtained are presented in Fig. 5. As evident from Fig. 5,

there exists a good corroboration between the numerically

computed (Vs) and field data measured by Feng et al. [8].

The slight deviation may be attributed to the fact that, in

the present case, model soil properties of Oshima and

Takada [27] (replicating a typical field deposit) are used in

the analysis due to the absence of detailed soil information

in Feng et al. [8], thereby yielding slightly varying result in

the present study. However, both the soil types selected

represent heterogeneous granular soil types encountered in

the field, and thus the validation is justified within the

limits of numerical and experimental accuracy.

Further, as can be observed from Fig. 5, the Vs values

obtained in the present study increases from 150 m/sec to

250 m/sec at a depth of 2 m, thereby indicating an

improvement in the order of 66% due to DC. In this regard,

it is important to take into consideration the structural

requirements from improved ground based on shear wave

profile data obtained during subsoil investigation. The

criteria outlined by the National Earthquake Hazards

Reduction Program (NEHRP) [30, 31] for classification of

site categories is presented in Table 2, based on the shear

wave velocity measured in top 30 m of soil (Vs
30), which

respond critically to ground shaking. As evident from the

tabulated data, the Vs values obtained in the improved

ground in the present study comply to the characteristics of

stiff soil (180�V30
s B 360 m/sec) suitable for foundation

support, which is a significant improvement over the values

obtained initially in the untreated ground, classifying it as a

soft soil type (Vs
30\ 180 m/sec) susceptible to compres-

sion on loading.

Parametric Studies on DC

Effect of Energy Imparted

The procedure of DC involves impact of tamper mass on

the soil surface, thereby transferring kinetic energy to the

soil. Hence, energy per blow of impact is considered as a
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Fig. 5 Comparison of computed shear wave velocity values with

actual field data
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very crucial design factor in DC. However Oshima and

Takada [27] and Lee and Gu [32] have reported that

momentum also plays an important role in deciding the

efficiency of DC. Hence, while conducting parametric

studies related to various parameters of DC, the effect of

energy and momentum are studied relative to each other as

constant.

In order to study the effect of energy imparted, two sets

of numerical analysis are done, as presented in Fig. 6a, the

first five with constant momentum of 198.1 t.m/sec, and

next three tests with constant momentum of 396.2 t.m/sec,

all close to real-life field conditions. Similar methodology

was employed by Lee and Gu [32] for investigating the

impact of energy and momentum of DC on dry sands,

wherein the momentum values selected were in the range

of (200–400) t.m/sec. In the present study, in case of the

first five tests, the energy levels are selected as 141.4,

173.3, 223.6, 200 and 245 t.m, whereas, in the second set,

corresponding energies are 282.9, 346.4 and 400 t.m. The

variation of Vs with depth (D) shown in Fig. 6a depicts the

fact that, for a constant momentum but increasing energy,

there occurs very little increase in Vs along the depth of

soil, and the depth of improvement is almost constant.

Further, it can also be observed that with an increase in

momentum from 198.1 to 396.2 tm/sec, the Vs profile

increases, along with an increase in the corresponding

depth of improvement. Hence, it can be inferred that the

energy imparted during impact has comparatively lesser

impact on the improvement due to DC.

Effect of Momentum

In order to investigate the impact of momentum on DC,

two sets of experiments are performed with constant

energy levels of 200 t.m (corresponding momentum val-

ues: 198.1, 280.1, 177.2, 242.6 and 313.2 t.m/sec) and

400 t.m. (corresponding momentum values: 396.2, 323.5

and 442.9 t.m/sec) as shown in Fig. 6b, thereby

representing values adopted typically in field. Over the

range of momentum examined, it is evident from the

variation of Vs with depth presented in Fig. 6b, that both

the shear wave velocity (Vs) and depth of improvement

increase significantly (by almost 40%) with increase in

momentum. Hence, it can be concluded that the degree and

depth of improvement after DC in terms of shear wave

profiling is effected predominately by momentum and not

energy of tamper. The above observation is consistent with

the findings of Lee and Gu [32] in terms of relative density

increase after DC.

Effect of Tamper Radius

The effect of radius of tamper is investigated using five

different radius, viz. 0.8, 1.2, 1.6, 2.0 and 2.4 m, main-

taining the energy and momentum of tamper as 400

t.m and 396.2 t.m/sec respectively. The values of tamper

radius selected in the present case represent magnitudes

adopted frequently in the field. The corresponding shear

wave profile is presented in Fig. 6c, plotted at a distance of

2 times the respective radius. It can be observed from

Fig. 6c, that the Vs profile decreases all along the depth of

soil with increase in radius (by almost 60%), which may be

attributed to the fact that, with increase in radius, the

momentum and energy per unit area reduces. Further, it can

also be observed that depth of improvement reduces with

increase in radius for constant energy and momentum.

Quantification of Soil Improvement in Terms of Vs

The above discussion involving the effect of different

design parameters related to DC on soil improvement is

qualitative in nature. To extend these observations for

direct application in field during execution of DC, the

results need to be generalized and quantified. In order to

achieve this, the results on the effect of momentum and

radius are normalised and plotted in Fig. 7a, b, as these two

Table 2 Site classifications based on recorded shear velocity in the field

Classa Average shear wave velocity, Vs
30 (m/sec)b Soil type

A Vs
30[ 1500 Hard rock

B 760 B Vs
30 B 1500 Rock

C 360 B Vs
30 B 760 Very dense soil/soft rock

D 180 B Vs
30 B 360 Stiff soil

E Vs
30\ 180 Soft soil [PI[ 20]

F Vs
30\ 180 Special soils requiring site-specific evaluation [PI[ 75]

aAccording to site categories proposed by the National Earthquake Hazards Reduction Program (NEHRP) [30, 31]
bShear wave velocity measured in top 30 m of soil [responding critically to ground shaking]
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parameters have been identified previously to play a major

role in regulating the degree and depth of improvement.

The increase in shear wave velocity (DVs) is normalised

against initial magnitude of shear wave velocity (Vs0)

recorded before DC, so that the normalised result (DVs/Vs0)

is applicable to various soil types exhibiting different val-

ues of initial shear wave velocity. Effect of energy on DVs

as already shown is negligible, so it is omitted for further

analysis. It can be observed from Fig. 7a, b, that results of

all the numerical simulations involving various radius and

bFig. 6 Shear wave velocity profiling with depth after DC. a Effect of

energy imparted. b Effect of momentum. c Effect of radius

Fig. 7 Normalized shear wave velocity profile with depth. a Effect of
momentum. b Effect of radius
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momentum combinations corresponding to particular tam-

per energies show a similar trend. If D is assumed to rep-

resent the depth of soil from surface and f(D) is a function

representing the variation of normalised shear wave

velocity (DVs/Vs0), then two observations can be made for

the numerical tests simulated. Firstly, f 0ðDÞ is almost zero

at a depth which can be considered as the depth of

improvement (d). Secondly, f 0ðDÞ increases with decrease

in depth. Both these observations are satisfied by Eq. (8):

DVs

Vs0

¼ f ðDÞ ¼ d � D

m

� �n

ð8Þ

By using Eq. (8), all the curves presented in Fig. 7a, b are

fitted to suitable regression equations using three variables

d, m and n to arrive at design charts for direct application in

field. It can be observed that, all the curves are represented

quite accurately by Eq. (8) except at few regions where

conservative values have been adopted for curve fitting.

The design parameters from Fig. 7a, b, are plotted in

Fig. 8a, b, in order to observe the dependence of the

parameters d, m and n on momentum (M) and radius (r).

Equations (9a–9c) represent the dependence of the

parameters d, m and n very accurately as seen in Fig. 8a, b.

d ¼ 0:0121M� 1:825rþ 9:5 ð9aÞ
m ¼ 0:0059Mþ 3:95rþ 2:05 ð9bÞ
n ¼ �0:7125rþ 2:81 ð9cÞ

In this case, it can be observed that parameters d and m are

dependent on both momentum and radius but n is depen-

dent exclusively on the tamper radius. In this connection, it

should be mentioned that Eqs. (9a–9c) are derived based

on momentum values ranging from (175–450) t.m/sec,

energy values lying in the order of (175–400) t.m and

tamper radius ranging from 0.8 to 2.4 m. The values hereby

presented in connection with upper and lower ranges of

energy, momentum and tamper radius closely resemble that

applied in the field during DC on loose granular deposits.

Proposed Method for Estimating Improvement

Along Soil Depth

Based on the findings and equations presented above, a

method is proposed for estimating the shear wave velocity

profile after DC along the depth of soil. The method differs

from most of the existing methods listed in literature in a

sense that, in this case, the variation of Vs is plotted along

the entire soil depth, and not at a single point, thereby

giving a clear picture of the soil improvement after DC.

Initially, Eqs. (9a–9c) should be used to predict the design

parameters d, m and n using the values of momentum

(M) imparted in field and radius (r) of tamper being used.

The shear wave velocity profile after DC can be

subsequently derived by using Eq. (8). The above process

needs to be repeated for various combinations of momen-

tum and tamper radius in order to achieve the required

magnitude of Vs after DC, following which the corre-

sponding mass, height and radius of tamper can be used in

field to achieve the desired degree and depth of

improvement.

Conclusions

The paper presents results of a numerical model study for

predicting the degree and depth of improvement in the field

due to dynamic compaction on soil by means of shear wave

Fig. 8 Determination of design chart parameters. a Effect of

momentum. b Effect of tamper radius
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velocity profiling. An elasto-plastic model with Drucker–

Prager failure criteria is incorporated in the present study

using FE software ABAQUS, and the response of the soil

to excessive deformations induced by dynamic impact is

incorporated by adopting an updated Lagrangian large-

strain formulation. The effect of multiple tamper drops on

loose dry sand is investigated numerically, and validated

with the results of a centrifuge model test, and numerical

analyses published in literature. The shear wave velocity of

soil samples is assessed numerically based on the value of

shear modulus, and the improvement in soil strength post

DC is evaluated in terms of shear wave velocity profiling

by varying the various design parameters (e.g. tamper

radius, energy, momentum) related to DC. Based on the

analysis and interpretation of results, the following con-

clusions can be drawn:

1. The degree and depth of improvement in the original

loose granular soil increases by 66% due to dynamic

impact as per the study based on shear wave profiling

data, thereby indicating the effectiveness of DC. The

above finding facilitates construction of shallow foun-

dations in sites exhibiting poor subsoil profiles by

means of DC, thereby economizing the project and

maintaining sustainability in construction by avoiding

high carbon footprints associated with expensive deep

foundations.

2. An increase in momentum is found to result in 40%

increase of the improvement depth, whereas, energy

imparted has comparatively lesser impact on improve-

ment. Further, a decrease in tamper radius results in

higher depth of improvement (about 60%) for a

constant energy and momentum.

3. A design method is eventually proposed in the present

paper to estimate the soil improvement in field after

DC in terms of shear wave velocity (Vs) profiling. The

proposed method incorporates the effect of momentum

and tamper radius, including the initial state of the soil

existing in field in terms of Vs. Further, the results have

been normalized and generalized to take into account

the effect of various soil type exhibiting different

values of initial shear wave velocity (Vs0). The design

method outlined in the present study is thus useful for

deciding the momentum of impact, and the tamper

radius to be adopted in the field for achieving prefixed

(target) depth and degree of improvement of soils

based on shear wave profiling data. The above

technique is advantageous as compared to methods

proposed by earlier researchers, in a sense that, in this

case, the in situ state of soil, as well as the degree and

extent of improvement can be quantified along the

entire depth of soil, contrary to earlier assumptions of a

constant value throughout the depth.

4. In this regard, it should be mentioned that, the

conclusions drawn on the effect of energy, momentum

and tamper radius are based on a particular soil type

(dry granular material), and should be extended for

different soil conditions existing in field. Further, the

results are plotted at a distance of two times the radius

from tamper center for a single footprint. In general,

the improvement will be more than the results

presented because of overlapping effect contributed

by different footprints, thereby rendering the results of

the present study on the conservative side. Moreover,

the study can be further extended in future by adopting

higher energy levels and heavier tamper masses to

ensure a greater depth and extent of improvement than

that reported in this context. Further, the method

proposed in the present analysis needs extensive field

validation for accurate prediction of soil improvement,

and further studies are warranted in this area.
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