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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a
national center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National
Science Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this end,
the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal
Emergency Management Agency (FEMA), other state governments, academic institu-
tions, foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems.  The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112).  The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106).  These studies were conducted to:

• assess the seismic vulnerability of highway systems, structures, and components;
• develop concepts for retrofitting vulnerable highway structures and components;
• develop improved design and analysis methodologies for bridges, tunnels, and

retaining structures, which include consideration of soil-structure interaction mecha-
nisms and their influence on structural response; and

• develop, update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The objective of this report is to introduce a rational analysis procedure and design guidelines for
liquefaction hazards mitigation in saturated sands and non-plastic silty sands using Dynamic
Compaction (DC) and Vibro-Stone Columns (SC). A numerical model was developed to simulate
the densification processes during both techniques through quantifying pore pressure generation
due to vibrations caused by successive impacts on the ground surface or repeated insertions of a
vibratory probe into the ground. The effects of site-specific conditions such as hydraulic
conductivity, fines content, etc. were quantified for a range of energy contents delivered to the
soil at specific spacing. In addition, the effects of field operational parameters such as energy per
impact, number of impacts, time cycle between impacts, impact grid spacing, impact grid pattern,
and wick drain spacing, in the case of DC, or area replacement ratio and wick drains spacing in
the case of SC, on post-improvement resistance to liquefaction were included in the study. Based
on the results, design charts and design guidelines for liquefaction mitigation in silty soils using
DC and SC are provided. Design procedures and design examples are also provided.

The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective of
performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems.  Specific subjects covered under Project 094 include:

• development of formal loss estimation technologies and methodologies for highway
systems;

• analysis, design, detailing, and retrofitting technologies for special bridges, includ-
ing those with flexible superstructures (e.g., trusses), those supported by steel tower
substructures, and cable-supported bridges (e.g., suspension and cable-stayed bridges);

• seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

• soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.
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SUMMARY 
 
A number of different densification techniques have been developed to mitigate liquefaction in 
loose saturated granular soils. Dynamic compaction (DC) and vibro-stone column (SC) are 
among the most field proven and commonly used techniques. The DC technique involves high-
energy impacts to the ground surface by systematically dropping heavy weights of 5 to 35 Mg 
from heights ranging from 10 to 40 m to compact the underlying ground using heavy crawler 
cranes. Vibro-stone column installation process involves insertion of a vibratory probe with 
rotating eccentric mass and power rating in the vicinity of 120 kW. The probe plunges into the 
ground due to its self-weight and vibratory energy, which facilitates penetration of the probe. 
Once the specified depth (depth of stone column) is reached, the probe is withdrawn in steps 
(lifts) of about 1m. During withdrawal of the probe, the hole is backfilled with gravel. During 
each lift, the probe is then reinserted expanding the stone column diameter. This process is 
repeated several times until a limiting condition is achieved. Sand deposits densified by DC and 
SC are more resistant to liquefaction, and have performed well during earthquakes. Silty sand 
deposits appear to perform well when improved by either technique supplemented with wick 
drains. 
 
In both improvement techniques, during the ground improvement works, the repeated ground 
vibrations induced by the DC and vibratory probe cause a rise in pore water pressures and 
subsequent soil consolidation, resulting in a denser arrangement of particles. In highly permeable 
soils, these techniques also cause increases in the lateral confining stresses in the soil. Hence, the 
soil resistance to liquefaction increases. 
 
Liquefaction in loose saturated soils is a process involving energy dissipation due to frictional 
loss along grain contacts during cyclic loading, leading to destabilization of the soil structure. 
The energy required to cause liquefaction depends on the density of packing of the grains and 
confining stress. If the energy dissipated in a saturated loose deposit by an earthquake exceeds 
the energy required to cause liquefaction on a per volume of soil basis, the soil liquefies. 
Similarly, if the energy dissipated due to vibrations caused by DC or vibratory probe exceed the 
energy required to cause liquefaction, pore pressure approaches 100 percent of confining stress. 
Therefore, it is possible to design ground improvements required to resist liquefaction on the 
basis of earthquake energy and energy delivered by DC and vibratory probes. It is also possible 
to determine the degree of improvement in density of the soil due to repeated applications of 
dynamic compaction and vibro-probe insertions during stone column installation, and design 
compaction or vibro-stone column installation parameters to increase the soil density to resist 
liquefaction due to a design earthquake. 
 
Current practice for design, suitability assessment, and determination of optimum field operation 
parameters rely mainly on field pilot tests, past experience, and empirical equations. At present, 
there are no detailed analytical procedures available to determine the densification achievable or 
to analyze the effects of various operational parameters on the degree of improvement in both 
sands and non-plastic silty soil deposits. Advanced analytical techniques and computational tools 
need to be developed to aid these design analyses, taking into consideration site-specific soil 
conditions. 
 



 

 vi

In this report, an analytical model for simulation of the performance of soil deposits during 
ground improvement projects, using energy principles governing soil liquefaction and soil 
densification by consolidation during dynamic compaction and stone column installation, has 
been developed. Effects of preinstalled wick drains on relieving the pore pressures and 
enhancing densification during DC and SC installation have been included in these numerical 
models for low permeable silty soils. Simple attenuation relationships were used to estimate the 
energy dissipated in the soil.  
 
Experimental data based on energy principles coupled with relationships for spatial distribution 
of energy dissipation during DC and SC vibrations was used to estimate the excess pore 
pressures generated as a function of the energy dissipated in the soil. Coupled consolidation 
equations were used to simulate soil consolidation. Possible effects of an increase in lateral 
confining stresses during DC and SC installation were neglected. Such effects may be significant 
in highly permeable deposits.  
 
Based on numerical simulations of ground response during DC and SC processes using this 
analytical model, design charts were developed for post-improvement soil densities or 
penetration resistances. Rational design procedures were developed to use these design charts to 
choose suitable DC and SC field operational choices to obtain post-improvement density or 
penetration levels, to mitigate liquefaction potential due to design earthquakes. The sites may or 
may not be preinstalled with wick drains, for these cases. The design charts were compared with 
data from instrumented field tests and other available case histories in sand and non-plastic silty 
soil deposits through collaboration with ground improvement industry partners. Stepwise design 
procedures and design examples are presented.  
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CHAPTER 1 
INTRODUCTION 

 
 

1.1 Overview of Problem  
 

Liquefaction of loose saturated granular soils is a continuing threat to the performance of 
buildings, highways, bridges, lifelines and other facilities and often causes major economic loss 
and loss of life and injury in almost every earthquake. The first widespread observations of 
damage attributed to liquefaction were made in the 1964 Niigata, Japan, and 1964 Alaska 
earthquakes.  Most recently, significant liquefaction-induced damages were observed in Japan 
(1995), Turkey (1998) and Taiwan (1999). The high incidence of liquefaction during 
earthquakes, together with its potential for damage, has made the phenomenon a prime subject of 
concern in earthquake engineering. Liquefaction of ground resulting from earthquake shaking is 
manifested through surface indications like sand boils and ground cracking; settlement and tilting 
of buildings and bridge supports; flotation of buried tanks to ground surface; collapse of 
waterfront structures; lateral spreading and cracking of slopes and embankments; and flow 
failures of waterfront natural slopes and earth dams. 
 
Liquefaction is defined as a process by which the shear resistance of a loose, saturated, 
cohesionless soil is reduced by the buildup of excess pore water pressure, which is the pore water 
pressure rise above the hydrostatic pressure, associated with the undrained cyclic straining 
induced by earthquake shaking. This buildup of pore pressure is due to the tendency of loose 
liquefiable soils to densify or contract, upon shearing. 
 
Methods for mitigation of hazards associated with the occurrence of liquefaction deal directly 
with the factors that cause liquefaction to be initiated, and as liquefaction is triggered by the 
buildup of excess pore pressures; consequently, methods of prevention of its occurrence must 
reduce the tendency for buildup of these excess pore pressures. Generally, this can be 
accomplished by: 

i) Densification, which historically has been the most commonly used technique, by 
increasing soil density since the tendency for pore pressure buildup is strongly related 
to the density of soil. 

ii) Drainage by enhancing the drainage within the liquefiable soil to prevent the buildup 
of high pore pressures. 

iii) Physical and chemical modification (mixing and grouting) by increasing the binding 
of particle-to-particle contacts, and consequently, reducing the amplitude of cyclic 
strains and the contractive tendency of the soil. 

 
Since most desirable soil properties improve with increasing soil density, densification is one of 
the most commonly used techniques for soil improvement. A number of different densification 
methods have been developed and used successfully. This report presents the use of dynamic 
compaction and vibro-stone columns to densify and mitigate liquefaction in saturated silty soil 
deposits preinstalled with wick drains. 
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1.2 Dynamic Compaction and Vibro-stone Columns 
 
Dynamic compaction (DC) (shown in Figure 1-1a), and vibro-stone columns (SC) (shown in 
Figure 1-1b) are proven ground improvement techniques for liquefaction mitigation and 
foundation strengthening in sands containing little or no silt content. Saturated loose to medium 
dense sands densify due to vibration and/or impact-induced liquefaction and the associated 
expulsion of pore water from the soil through vertical and horizontal dissipation in case of DC, 
or through the surrounding stone columns during SC installation. The densified soil is more 
resistant to liquefaction, and has performed well during earthquakes (Mitchell et al. 1995, 
Andrus and Chung 1995).  
 
Conversely, densification techniques have found limited applications in silty soils. Recent field 
trials show that such techniques may be extended to silty soils when combined with other 
supplementary techniques such as prefabricated drains (Dise et al., 1994; Han, 1998; Luehring et 
al., 2001). An example is shown in Figure 1-2. 

 

                                 
          (a)       (b)  

Figure 1-1.  Dynamic Compaction and Stone Columns Equipment 
 

 

Figure 1-2.  Supplementary Pre-installed Wick Drains 
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However, current practice for design, suitability assessment, and determination of optimum field 
operation parameters for both clean sand sites and silty soil sites rely mainly on field pilot tests, 
past experience, and empirical equations (Lukas 1986, Lukas 1995, FHWA 2001). No formal 
theoretical analysis method is currently available to perform a detailed analysis and design for 
both techniques. A well-developed analysis model and design guidelines are required for design 
of both techniques to mitigate liquefaction in sand soil deposits and non-plastic silty soil 
deposits, supplemented with wick drains. Advanced analytical techniques and computational 
tools need to be developed to aid such design analyses taking into consideration site-specific soil 
conditions and expected design earthquakes. 
 
1.3 Purpose of Report 

 
The objective of this report is to introduce a rational analysis procedure and design guidelines for 
liquefaction hazards mitigation in saturated sands and non-plastic silty sands using i) Dynamic 
Compaction and ii) Vibro-stone Columns. In the case of silty sands, supplementary wick drains 
are included to expedite drainage and densification during both DC and SC installation projects. 
 
This objective has been achieved through a number of tasks as follows: 

i) Develop an improved understanding of the behavior of saturated soil deposits 
containing sands and non-plastic silty sand and sandy silts during DC and SC 
processes. 

ii) Develop a computational methodology for simulation of both techniques and quantify 
the post-improvement densities achievable in: a) sand deposits without wicks, and b) 
non-plastic silty soil deposits supplemented pre-installed with wick drains. 

iii) Establish design charts, and design guidelines for liquefaction mitigation in silty soils 
using both techniques. 

 
A numerical model has been developed to simulate the densification processes during both 
techniques through quantifying pore pressure generation due to vibrations caused by successive 
impacts on ground surface by DC or vibro-stone columns, pore pressure dissipation, and 
quantifying the associated concurrent densification of the soil around the impact zone or 
vibratory probe. The simulation models have been verified through a field study conducted at a 
silty soil site, Marina del Rey, Los Angeles County, CA in the case of SC. In the case of DC, this 
is accomplished through comparisons of results of the simulation model with recorded field post-
improvement density or penetration resistance data from case histories of previous dynamic 
compaction projects. 
 
The effects of site-specific conditions such as hydraulic conductivity, fines content, and pre-
improvement soil density or penetration resistance on post-improvement density or penetration 
resistance and resistance to liquefaction have been quantified for a range of energy contents 
delivered to the soil at specific spacing. In addition, the effects of field operational parameters 
such as energy per impact, number of impacts, time cycle between impacts, impact grid spacing, 
impact grid pattern, and wick drain spacing, in the case of DC, or area replacement ratio and 
wick drains spacing in the case of SC, on post-improvement resistance to liquefaction have been 
studied. Based on this study, design charts and design guidelines for liquefaction mitigation in 
silty soils using DC and SC are provided. Design procedures and design examples are provided. 
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The simulation model and the design guidelines presented herein are expected to advance the use 
of DC and SC for liquefaction mitigation of silty soils, enhance the confidence of design 
engineers, and reduce the exclusive reliance on expensive field trials. 
 
This report has been designed to be a general guidance document for liquefaction mitigation in 
silty soils using both techniques. The focus therefore is on the procedural steps, and decision-
making reaching the optimum design parameters. Details of these simulation models and results 
are presented in Nashed (2005) and Shenthan (2005). The related publications resulting from this 
work are presented in Appendix A. 
 
1.4 Outline of Report 
 
Current practice and broad design guidelines in the current literature for both techniques are 
briefly reviewed in chapter 2. Chapter 3 presents the theoretical background for simulating soil 
densification response in saturated granular soil deposits subjected to DC and SC installations. 
Chapter 4 presents the numerical simulations of vibro-stone column installation, comparisons of 
post-improvement densities and penetration resistances with field case histories data, and 
instrumented field test data, and design charts for determination of post-improvement densities 
and penetration resistances for a variety of initial soil densities, fines content, hydraulic 
conductivity, etc. and stone column installation spacing, diameter, etc. Chapter 5 presents the 
numerical simulations of dynamic compaction, comparisons with field case histories, and design 
charts for determination of post-improvement densities and penetration resistances for a variety 
of initial soil densities, fines content, hydraulic conductivity, etc. and impact grid patterns, 
impact energies, impact spacing, time cycle between impacts, etc. Where relevant, example 
visualization results depicting progress in changes in densities in the ground at selected points as 
the dynamic compaction process continues over a site are presented. Chapter 6 presents simple 
design examples for liquefaction mitigation using these design charts for vibro-stone column and 
dynamic compaction in sand and silty sand deposits. Chapter 7 presents the conclusions. 
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CHAPTER 2 
REVIEW - CURRENT PRACTICE AND DESIGN GUIDELINES 

 
 
2.1 Introduction 
 
This chapter presents a brief review of the current practice and the available design guidelines 
for: 

i) Dynamic compaction (DC) technique, and 
ii) Vibro-stone columns (SC) technique. 

 
Attention is focused on liquefaction mitigation applications. 
 
2.2 Dynamic Compaction 
 
Dynamic compaction is one of the most simple and economically attractive densification 
techniques used for liquefaction hazard mitigation of saturated loose cohesionless soils with little 
or no fines content in the open field.  Ground improvement and soil densification due to DC 
results from repeated applications of high-level impact energy at the ground surface. The energy 
is applied by repeatedly raising and dropping a pounder with a mass ranging from 5 to 35 Mg 
from heights ranging from 10 to 40 m on a pre-designed impact grid at 4 to 15 m spacing (Figure 
2-1 a). Following the high-energy impacts, the soil surrounding the impact zone densifies, except 
for the surface of the deposit to a depth equal to the depth of the craters caused by the impact. 
This surface layer is usually compacted with a low-level energy impact called an ironing pass.  
 

                       

   

 
                        (a) DC without wick drains                     (b) DC with wick drains 
            (For sand deposits with little or no fines)      (For non-plastic silty deposits) 

Figure 2-1.  Dynamic Compaction  
 
The impact energy applied to the ground surface results in densification due to ground vibration. 
In saturated loose sands, the vibrations cause a rise in pore water pressures and concurrent 
consolidation resulting in a denser arrangement of particles. It works well for clean sand sites. 
For sites containing silty sands, provision of drainage systems such as wick drains (Figure 2-1 b) 
has been found to enhance dissipation of pore pressures, consolidation of the soil and thus, the 
efficiency of DC to densify such low permeable soils (Dise et al. 1994, Han 1998). Since the 
energy is applied at the ground surface, the improvement depths are limited because of energy 
radiation and attenuation with depth.  
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A number of cases are reported in the literature where DC was used to reduce liquefaction 
potential. Most recent examples are found in Atukorala et al. (1992), Fahoum (2001), and Meyer 
et al. (2001). In these cases, the treated loose sand deposits were densified to a sufficient degree 
that liquefaction would no longer be a concern.  

 
The earliest use of DC as a soil densification technique was many centuries ago. There is good 
evidence that compaction of loose deposits by repeatedly lifting and dropping stone weights took 
place in China around 1000 A.D. (Kramer and Holtz 1991) and later by Romans. In 1871, a 
Mexican war cannon filled with lead densified the soil for the St. George Mormon Temple in St. 
George, Utah (Welsh 1986). Cohesionless soils in Germany were compacted with 1.8-Mg 
tamper and a 1.5 m drop from a steam shovel in 1933. The Corps of Engineers experimented 
with heavy tamping at the Franklin Falls Dam construction site in 1936. In Russia, heavy 
tampers were used to compact loessial silty and sandy soils beginning about 1960 (Elias et al. 
1999). Nevertheless, not until the early 1970’s when the DC technique was finally promoted by 
the late French engineer Louis Menard with the advent of large crawler cranes that can apply 
high energy tamping levels, it has been used on a regular basis in France in 1970 and 
subsequently in Britain 1973 and in North America in 1975 (Slocombe 1993).  
 
2.2.1 Current Practice 
 
2.2.1.1 Suitability of Deposits 
 
Originally, the DC technique was used for granular and fill soils. However, as the technique was 
proven efficient with time and due to its economic advantages, many other deposits have been 
considered. Lukas (1986) has categorized different soil deposits for suitability for DC based 
upon past experience from DC projects by means of conventional index tests. Figure 2-2 shows 
the range of soil gradation for each categorized zone. Table 2-1 presents the details of the 
different categories.  
 
2.2.1.2 Design Guidelines 
 
Current practice for design, suitability assessment, and determination of optimum field operation 
parameters rely on field pilot tests, past experience, and empirical equations relating depth of 
influence dmax to impact energy for various soil types (Lukas 1986, 1995) given by: 

 

maxd n WH=                             (2-1) 
 

where W is the dropped weight in Mg, and H is the height of drop in m. The value of n was 
related to soil type and degree of saturation in Table 2-2 for a pounder that is raised and dropped 
with a single cable for a range of applied energy of 1 to 3 M J/m2. 
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Figure 2-2.  Range of Soil Gradation of Deposits Suitable for DC (Lukas 1986) 
 

Table 2-1.  Soil Deposit Suitability for DC 
 

Soil Category 
(Figure 2-2) Soil Type Soil properties Suitability for DC 

Zone 1 – Most favorable 
soil deposits 

Pervious soil 
deposits 

k > 10-5 m/s, 
PI = 0 

Improvements are 
achievable 

Zone 2 – Intermediate 
soil deposits 

Silty sands, silts, 
and clayey silts 

10-5 > k > 10-8 
m/s, 0 < PI < 8 

With dissipation of 
induced pore pressures 

Zone 3 - Unfavorable 
soil deposits 

Impervious clayey 
deposits 

k < 10-8 m/s, 
PI > 8 Not recommended 

 
Typical average applied energy Eavg per cubic meter of improved soil is given by  
 

avg 2
max

* * *E
*

IN W H P
S d

=                                                          (2-2)  

 
where, NI is number of impacts per location typically 7 to 15 impacts, P is number of passes, and 
S is grid impact spacing typically, for pervious deposits, 1.5 to 2.5 times pounder diameter. 
Typical values of Eavg for different soil deposits are summarized in Table 2-3. For preliminary 
design purposes, the typical values for n, Eavg, and Eqn. 2-1 are used to determine suitable 
parameters W, H, NI, P and S to improve the soil to a desired depth dmax at a site. The most 
important limitation of Eq. 2-1 is that it neither accounts for the pre-improvement relative 
density or penetration resistance of the deposit nor for the required post-improvement soil 
density or penetration resistance. Mostly, successful applications of this methodology require 
field trials and post-improvement penetration resistance verification tests to determine final field 
operational parameters required to meet a specified minimum penetration resistance profile, 
before production-level ground improvement is implemented. 
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Table 2-2.  Recommended n Values for Different Soil Types (Lukas 1995) 
 

Soil 
Category 

(Figure 2-2) 
Soil Type Degree of 

Saturation 
Recommended n 

value* 

High 0.5 
Zone 1 Pervious soil deposits – 

Granular soil Low 0.5 to 0.6 

High 0.35 to 0.4 
Zone 2 

Semi-pervious soil 
deposits –Primarily silts 

with PI < 8 Low 0.4 to 0.5 

High Not recommended 

Zone 3 
Impervious soil deposits 
–Primarily clayey soils 

with PI > 8 Low 

0.35 to 0.4 
Soils should be at 
water content less 

than the plastic limit 
*For an applied energy of 1 to 3 M J/m2 and for a tamper drop using a single cable with a free spool drum. 

 
Table 2-3.  Applied Energy Guidelines (Lukas 1986) 

 
Soil 

Category 
(Figure 2-2) 

Type of deposit 
Unit applied 

energy 
(KJ/m3) 

Standard 
Proctor energy 

(%) 

Zone 1 Pervious coarse grained soils 200 to 250 33 to 41 

Zone 2 & 3 
Semipervious fine grained soils 
and clay fills above the water 

table 
250 to 350 41 to 60 

Other deposits Landfills 600 to 1100 100 to 180 

* Standard Proctor energy equals 600 K J/m3. 
 
 

 
 

 

 

 

 

 
 

Figure 2-3. Variations of Degree of Improvement with Depth (Lukas 1986) 
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2.2.1.3 Degree of Improvement 
 
Theoretically, the greatest amount of improvement is generally below the crater depth near the 
ground surface and then decreasing with depth due to the diminishing effect of the applied 
impact energy. However, typical test results after DC operations show that the shape of ground 
improvement tends to be similar to the Boussinesq’s distribution of stresses for a circular 
foundation. The average improvement will be less than the maximum amount, which generally 
occurs within a zone between one third and one half of the maximum depth of improvement as 
shown in Figure 2-3. Above this zone, the improvement will be less because of surface 
disturbance during impacting, but can be improved by an ironing pass. Ironing pass involves a 
nearly complete coverage of the site with low impact energy. 
 
2.2.1.4 Limits of Improvement 
 
A review of the available case histories indicates that there may an upper limit to the 
densification that can be achieved by DC. Limit ranges are presented in terms of SPT, CPT, and 
PMT tests for different soil deposits (Table 2-4). 
 

Table 2-4.  Post-improvement Soil Properties - Upper Limits (Lukas 1986) 
 

Maximum test value Soil 
Category 

(Figure 2-2) 
Soil Type SPT 

N (blows/ 
300 mm) 

CPT 
(MPa) 

Pressure-meter 
limit pressure 

(MPa) 

Zone 1 Pervious coarse-grained soils  
sand and gravel 40 to 50 19 to 29 1.9 to 2.4 

Zone 2 
Semi previous soils 
i. Sandy silts 

ii. Silts and clayey silts 

 
34 to 45 
25 to 35 

 
13 to 17 
10 to 13 

 
1.4 to 1.9 
1.0 to 1.4 

Zone 3 
Partially saturated impervious 
soils 

Clay fills and mine spoil 

 
30 to 40* 

 
N/A 

 
1.4 to 1.9 

Other 
deposits Landfills 20 to 40* N/A 0.5 to 1.0 

      * Higher test values may occur due to large particles in the soil mass. 
 
2.2.2 Shortcomings of the Current Practice 
 
Although Eq. 2-1 relating the depth of influence dmax to energy level per impact (WH) is a useful 
guide, design choices such as impact weight, height of drop, number of impacts per location, 
impact grid spacing, time lag between impacts, total number of passes required to achieve a 
specified level of relative density or SPT/CPT penetration resistance, etc. are made based on 
field trials. At present, there are no detailed analytical procedures available to determine the 
feasibility of this technique and determine densification levels achievable or to analyze the 
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effects of various soil parameters such as silt content, hydraulic conductivity, etc. and dynamic 
compaction operational parameters on the degree of improvement achievable at a site. 
 
Advanced analytical techniques and computational tools need to be developed to aid such design 
analyses, taking into consideration site-specific soil conditions, in making the most effective 
choices of dynamic compaction operational parameters for liquefaction mitigation applications. 
 
2.3 Vibro-stone Columns 
 
Vibro-compaction ground treatment techniques trace back to the 1930s with the development of 
the first vibrating probe for the compaction of granular soils. The technique was first used in the 
U.S. in 1948 (Elias et al. 1999). However, the technique was not used on a wide scale until the 
1970s. Vibro-stone columns have been in use to reduce liquefaction-induced hazards since 1974, 
when this technique was first utilized for prevention of liquefaction at a site in Santa Barbara, 
CA. Dobson (1987) reported several case histories, which give evidence for the usage of vibro-
stone columns in sands as well as non-plastic silty soils to mitigate liquefaction hazards. 

The vibro-stone column installation process involves insertion of a vibratory probe with rotating 
eccentric mass (FHWA 2001). Figure 2-4a shows a vibro-stone column arrangement for 
relatively clean sand sites. The probe (Figure 2-5) plunges into the ground due to its self-weight 
and vibratory energy, which facilitates penetration of the probe. Once the specified depth (depth 
of stone column) is reached, the probe is withdrawn in steps (lifts) of about 1 m. During 
withdrawal of the probe, the hole is backfilled with gravel. During each lift, the probe is then 
reinserted expanding the stone column diameter. This process is repeated several times until a 
limiting condition is achieved. In sandy soils, the limiting condition is considered to be achieved 
when the electric current amperage supply reading to the vibratory probe reaches a high value 
during reinsertion of the probe, indicating high resistance to penetration into the stone column. 
This reading is an indirect indication of the extent of the stone column, and soil density and 
confinement around the stone column.  In cases where the amperage readings do not reach high 
limiting amperage values, construction proceeds until a minimum amount of stones is introduced 
into the ground to reach a specified minimum stone-column diameter. This happens almost 
invariably in low permeable soils. It is suspected that this occurs due to lack of sufficient 
drainage and low densification of the soil and low confinement around the stone column during 
installation works. Typically, the vibro-stone column technique for densification of soils is 
limited to sand sites with silt content less than around 15 % by dry weight. For silty soil sites, 
recent case histories show that provision of pre-installed supplementary wick drains around the 
vibro-stone columns (Figure 2-4b) enhance densification during installation (Andrews 1998, and 
Luehring et al. 2001). 
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       (a) SC without wick drains                  (b) SC with wick drains 

                     (For sand deposits with little or no fines)    (For non-plastic silty deposits) 
 

Figure 2-4.  Vibro-stone Columns 
 

 
 

Figure 2-5.  The Vibratory Probe 
 
The stone columns also act as reinforcements increasing the stiffness of the improved ground and 
reducing the magnitude of shear stress caused in the improved soil due to an earthquake. In 
highly permeable soils, the insertion of the probe also causes an increase in lateral stresses in the 
ground. During an earthquake, the induced pore pressures also dissipate through the stone 
columns. All of the above processes reduce the liquefaction potential of the site. Past experience 
indicates that sandy soils improved using vibratory stone columns have performed well during 
earthquakes. 
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2.3.1 Current Practice 
 
2.3.1.1 Suitability of Deposits 
 
Liquefaction mitigation applications of vibro-stone columns have been mainly confined to 
densification of relatively granular soils containing less than 15% passing sieve #200 (74 μm) 
and less than 2% of clayey particles (<2 μm) (FHWA 2001). If the soil contains excessive fines, 
it has been considered difficult to densify using vibro-stone columns. 
 
2.3.1.2 Design Guidelines 
 
Although stone columns are used to improve soils over a long time, there is no unique design 
method available for liquefaction mitigation applications. In the U.S., vibro replacement stone 
column designs are primarily limited to their capability of soil densification (Baez and Martin, 
1992; Baez, 1995). A simplified densification prediction model considering the initial density 
state of the soil was first introduced by Baez (1995). Prior to that, the selection of stone column 
diameter and spacing relied on the personal experience of the engineers and contractors, or on a 
preliminary design chart introduced by Barksdale and Bachus (1983), which does not consider 
the initial state of the soil (Drumheller et al., 1997). 
 
Seed and Booker (1977) were the first to develop a simple design method to assess the drainage 
effect of stone columns used as gravel drains. However, the Seed-Booker method did not 
quantify the soil densification that occurs during installation and its effect on increasing the 
resistance to liquefaction of the soil. Their design method focused on consideration of the stone 
column as a pore pressure relieving well and on prediction of maximum pore pressure that would 
develop in the soil deposit improved by stone columns, which were assumed infinitely permeable 
during an earthquake. This method has since then been refined to include the effects of soil 
smearing and well resistance on pore pressure dissipation rates (Onoue, 1988). 
 
Later, Baez and Martin (1993) introduced an approximate method to introduce the reinforcement 
effect by the stone columns on the cyclic shear stress caused by an earthquake. The 
reinforcement effect becomes predominant especially when the soils being treated is of very low 
permeability (e.g. silts) as the drainage efficiency will be very low.  
 
Based on SPT and CPT data obtained before and after SC installation from 18 case histories, 
Baez (1995) developed an empirical relationship between pre- and post-improvement SPT blow 
counts (N1)60cs for different stone columns spacings, expressed in terms of area replacement ratio 
Ar (Figure 2-6). The replacement area ratio, Ar, is defined as the ratio of stone column area to the 
tributary area per stone column. This approach is purely based on the regression analysis of 
available data, and represents average conditions. It is applicable to sands and fine to medium 
silty sand with fines less than 15% and little or no clay content.  
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Figure 2-6. Pre- and Post-improvement (N1)60cs  (Baez 1995) 

 
Although not explicitly introduced in Figure 2-6, the post-improvement (N1)60cs is also dependent 
on the energy rating of the vibratory probe and the method of installation. At present, there are 
no detailed analytical procedures available to determine the densification or post-improvement 
penetration resistance achievable or to analyze the effects of various soil parameters and vibro-
stone column parameters on the degree of improvement achievable at a site. Modifications are 
also needed to this design chart to include soils containing high non-plastic silt contents. 
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CHAPTER 3 
DYNAMIC COMPACTION AND VIBRO-STONE COLUMN -  

NUMERICAL SIMULATION MODELS 
 

3.1 Conceptual Model 
 
Improvement of loose saturated sands and non-plastic silty soils by vibro-stone column and 
dynamic compaction is essentially a process involving vibration of the soil, causing excess pore 
pressure development, possible liquefaction, and consolidation of the soil leading to concurrent 
densification. The vibro-stone column also involves expansion of a zero cavity and associated 
rise in pore pressures and densification of the soil. In cases where the soil permeability is very 
high, the excess pore pressures generated may dissipate almost instantaneously, causing a fully 
drained condition. In such a case, both dynamic compaction and vibro-stone columns tend to 
increase the soil density as well as the lateral confining stresses around the impact zones and 
vibratory stone columns. In medium to low permeable soils, after a certain level of soil 
densification is achieved, subsequent repeated impacts by a tamper or vibratory insertions of the 
vibro-probe may also cause an increase in lateral confining stresses in the soil. In all cases, the 
increase in soil density and confinement leads to an increase in resistance to liquefaction during a 
post-improvement earthquake. In the case of vibro-stone columns, the stone columns may also 
act as drainage pathways to reduce accumulation of excess pore pressures during earthquakes, 
and hence further increase the soil resistance to liquefaction.  
 
Liquefaction of saturated granular soils is a process involving energy dissipation due to frictional 
loss along grain contacts during cyclic loading, leading to contact slips and instability of the soil 
structure and an increase in excess pore pressures. The energy required to cause liquefaction 
depends on the density of packing of the grains, effective confining stress, etc. Studies have 
shown that the magnitude of induced excess pore pressure due to undrained cyclic loading in a 
saturated granular soil is related to cumulative energy dissipated per unit volume of soil (e.g. 
Nemat-Nasser and Shokooh 1979, Davis and Berrill 1982, Law et al. 1990, Figueroa et al. 1994, 
Desai 2000, Green and Mitchell 2004, and Thevanayagam et al. 2002). If the energy dissipated 
in a saturated loose deposit due to an earthquake exceeds the energy required to cause 
liquefaction on a per volume of soil basis, the soil liquefies. Similarly, if the energy dissipated in 
a saturated loose granular soil due to vibratory tamping during dynamic compaction or vibro-
stone column installation exceeds the energy required to cause liquefaction, pore pressure 
approaches 100 percent of confining stress at localized locations around the impact zone or 
vibratory probe zone.  
 
Based on this concept, there have been suggestions to use an energy-based approach to design 
liquefaction mitigation using vibratory densification methods (Thevanayagam and Martin 2002, 
Green and Mitchell 2004, Thevanayagam et al. 2005). The objective of a vibratory densification 
scheme is to impart sufficient energy to the soil to be improved by repeated applications of 
vibratory energy to repeatedly liquefy and densify the soil until its density increases sufficiently 
and its resistance to liquefaction exceeds the would-be-dissipated energy due to an anticipated 
future design earthquake. Figure 3-1 illustrates this concept, where (EL)pre-Den, (EL)post-Den are the 
energy per unit volume of soil required to cause liquefaction pre and post densification, 
respectively. EEQ is the dissipated energy per unit volume due to the design earthquake, and 



 

 16

ΣEDen is the increase in energy required to cause liquefaction of a soil from its initial pre-
improvement state, and is equal to the difference between (EL)post-Den and (EL)pre-Den. The 
cumulative energy per unit volume of soil applied during DC or SC typically would be much 
higher than (ΣEDen x volume of soil improved) due to energy losses at the far field beyond the 
immediate vicinity of the impact zone or vibro-probe zone. 
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Figure 3-1.  Energy-based Liquefaction Mitigation  
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(a)  Dynamic Compaction in Silty Sands supplemented with Wick Drains 

 
Figure 3-2.  Soil Densification Process During DC and SC  
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(b) Vibro-stone Column in Silty Sands supplemented with Wick Drains 

 
Figure 3-2.  (Continued) Soil Densification Process During DC and SC  

 
Figure 3-2 schematically illustrates the densification process during DC and SC installation 
projects. In the case of DC, energy is delivered through successive surface impacts, generating 
seismic waves. The generated waves radiate through the soil deposit, causing vibrations of soil 
grains. The wave energy dissipates due to material damping, generating pore pressures around 
the impact zone. During the time cycle between successive impacts, the generated pore pressure 
dissipates. In the case of sands, the excess pore pressure induced due to impact dissipates 
outward from the impact zone. In the case of silty sands supplemented with wick drain, the 
excess pore pressures dissipate towards the wick drains. As the pore pressure dissipates, the soil 
consolidates in denser density packing that then increases the soil liquefaction resistance.  A 
similar process occurs during repeated insertion and expansion of the vibro-stone column as 
illustrated in Figure 3-2b. 
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This chapter presents a methodology to simulate pore pressure developments in the soil due to 
vibratory energy imparted during dynamic compaction and vibro-stone column installation 
project in saturated sands and silty sands, and to quantify subsequent consolidation of the soil 
and densification. The effects of possible increase in confining stress in the soil as described 
before are not included. Energy partitioning models based on elastic half space coupled with 
simple attenuation models to account for material damping are used to estimate the energy 
dissipated in the soil surrounding the impact zone or vibratory probe. An energy-based pore 
pressure model developed based on experimental data is used to estimate the pore pressures 
generated around the impact zone or vibratory probe as a function of the energy dissipated in the 
soil during impact DC or vibro-stone column installation. Coupled consolidation equations are 
used to quantify densification. A finite difference numerical scheme is developed to simulate this 
process. This model is used to simulate a few selected case histories of dynamic compaction and 
vibro-stone columns, as well as to study the effects of various soil parameters and 
design/construction choices on the degree of improvement achievable for various simplified soil 
profiles. 
 
3.2 Vibratory Energy Radiation and Attenuation 
 
Consider vibro-stone column (SC) (Figure 3-3) and dynamic compaction (DC) impact (Figure 3-
4) processes. The energy delivered at the source by the vibratory probe and by a falling weight 
propagates through the surrounding soil as body waves (compressional and shear waves) for SC, 
and body waves and surface waves (Rayleigh waves) for DC, respectively. Field observations 
indicate that the ground vibration caused by SC is in the range of 30 to 50 Hz (FHWA 2001) and 
between 2 to 20 Hz (Mitchell 1981, Mayne 1985) for DC. A solution for energy dissipated (per 
unit volume of soil), the associated pore water pressures, and densification at any point in the soil 
requires a reasonably accurate quantification of energy partitions in the above three categories 
and their spatial attenuation relationships. The problem is complex due to non-uniformity in the 
stress field, stress and density dependent soil properties, and changes in the stress field, pore 
water pressures, and soil densities in the ground during and immediately following the energy 
delivery. In order to circumvent this problem, as a first order approximation, models for energy 
partition in the elastic half space coupled with field observation based attenuation models that 
account for material damping are used herein. 
 
3.2.1 Dynamic Compaction 
 
Past studies indicate that the energy partitioning in the form of shear, compressional, and Raleigh 
waves due to a harmonic uniform vertical stress on a flexible disk of radius r0 acting on an elastic 
half-space is dependent on the frequency parameter a0 (= ω r0 / cs, where, ω = angular frequency 
in Hz., and cs = shear wave velocity in m/s) (Figure 3-5) and Poisson’s ratio (Miller and Pursey 
1955, Meek and Wolf 1993). Further, Richart et al. (1970) show that Raleigh wave amplitude 
varies with dimensionless depth (depth/LR) as shown in Figure 3-6 where, LR = wavelength of 
Rayleigh wave. Rayleigh wave amplitude ratio attenuates with depth very rapidly to about 10% 
at a depth of about 1.6 LR. As a first order approximation, if the above model is used to 
determine the energy partitioning for DC, the frequency parameter a0 tends to be less than 1 for 
typical values of ro corresponding to impact weights used in dynamic compaction, cs of soils, and 
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frequencies in the range of 2 to 20 Hz, and hence Rayleigh waves account for about two thirds of 
impact energy transfer and body waves account for the remaining one third. For DC, further, 
considering radiation damping, the energy content of the body wave is assumed to be uniformly 
distributed on a hemispherical surface of the wave front, while the energy content of the 
Rayleigh wave is assumed to be radially spreading along a cylindrical surface, and is also 
assumed to attenuate with depth as shown in Figure 3-6 for various Poisson’s ratios. 
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Figure  3-3.  Vibratory Probe and Energy Propagation 

Figure 3-4.  Energy Partitioning – Dynamic Compaction 
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Figure 3-5.  Partition of Energy – Surface Load  Figure 3-6.  Wave Amplitude (Rayleigh Wave) 

 
Material damping occurs as a result of energy loss due to hysteresis damping and internal sliding 
of soil particles. The energy loss depends on frequency of loading, soil type, stress conditions, 
and strain level. Field observations indicate surface wave attenuation due to material damping is 
given by (Richart et al. 1970, Dowding 1996): 
 

       1- (r-r ) 
1a = a . e α                                                                (3-1) 

 
where, a1 = amplitude of vibration at distance r1 from the source, a = amplitude of vibration at 
distance r, and α = attenuation coefficient due to material damping. Energy attenuation is related 
to the square of the amplitude of vibration; the corresponding energy attenuation relationship is 
given by 

        1-2 (r-r ) 
1E = E . e α        (3-2) 

where, E1 = energy content at a distance r1 from the source, E = energy content at a distance r.  
 
Based on the above considerations, the energy loss per unit volume of soil due to Rayleigh 
waves wR and body waves wB, respectively, in the case of DC, are given by 
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where, R = √(r2+z2), f=amplitude ratio given by Figure3-6, and  r and z are radial and vertical 
coordinates, respectively. 
 
3.2.2 Vibro-stone Columns 
 
In the case of SC, assuming that radiation damping is due to body waves spreading along a 
spherical wave front (Figure3-3b) and it is uniformly distributed on a spherical surface of the 
wave front, the energy loss per unit time per unit volume of soil takes the form:  
 

( )02

0 22

r rew W
r

αα
π

− −

=                                                        (3-6) 

 
where, Wo =η0P0, P0= power rating of the vibratory probe, η0=probe efficiency. As excess pore 
pressure develops due to vibration during SC process, the soil becomes weak. Since the 
amplitude of vibration of the probe is limited (FHWA 2001), the energy imparted to the 
surrounding soil would decrease, resulting in a reduced efficiency. When the pore pressures 
dissipate, and the soil is sufficiently densified, the energy transfer rate would increase. In this 
paper, this phenomenon was taken into account considering the energy transfer rate to decay 
with increasing excess pore pressure: 
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where (ru)av=the average excess pore pressure ratio within the soil surrounding the probe up to an 
effective radial distance re, and β=a constant. A detailed discussion on the applicability and 
limitations of the above attenuation relationships are reported in Shenthan (2005), and Nashed 
(2005). 
 
3.3 Pore Pressure Generation 
 
Based on a large experimental database and theoretical considerations, excess pore water 
pressure generated due to undrained cyclic loading has been related to frictional energy loss in 
the soil by Thevanayagam et al. (2002) as: 

      100.5log 100 , 0.05c c
u

L L

w wr
w w

⎛ ⎞
= 〉⎜ ⎟

⎝ ⎠
      (3-8) 

where, ru=excess pore pressure ratio (u/σ0’), σ0’=initial mean effective confining pressure, wc = 
cumulative energy loss per unit volume of soil, and wL = energy per unit volume required to 
cause liquefaction. 
 
In the case of the SC process, in addition to vibration-induced excess pore pressure, a significant 
amount of pore pressure is generated due to cavity expansion as well. Initial insertion of the 
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probe into the ground can be considered as expanding a zero cavity to a diameter the same as that 
of the probe. Filling of this cavity by stones and inserting the probe further expands the cavity by 
pushing the stone backfill radially outwards. Lifting the probe causes slight contraction of the 
cavity. Repeated lifting, filling, and insertion of the probe cause repeated cavity expansions. 
Shenthan et al. (2004d) outline a simplified approach to estimate excess pore pressures induced 
during such cavity expansions and contractions. 
 
3.4 Pore Pressure Dissipation and Densification 
 
The governing equation for pore pressure dissipation in the soil is: 

 
2 2 2

2 2 2 2

1 1 gh v

w v w v

uk ku u u u u
t m r r r r m z tγ θ γ

∂⎛ ⎞∂ ∂ ∂ ∂ ∂= + + + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
 (3-9) 

where kh and kv are hydraulic conductivity of the soil in horizontal and vertical directions, 
respectively; mv=volume compressibility of the soil; u=excess pore water pressure at coordinates 
(r, θ, z); ug=excess pore pressure generated due to vibration and cavity expansion (in the case of 
SC); t=time; γw=unit weight of water; r, θ, and z are radial, angular, and vertical coordinates, 
respectively. In the case of the vibro-stone column, the term ug stands for time dependent pore 
pressure generation as in the case due to vibratory energy during SC installation. In the case of 
cavity expansion/contraction during vibro-probe insertion and impact during DC, the excess pore 
pressures are assumed to be induced instantaneously.  
 
Volumetric densification of a soil element due to excess pore pressure dissipation may be 
obtained by: 

 

∫= '. σε dmvv           (3-10) 

 
where, εv=volumetric strain, and σ’=mean effective confining pressure. Seed et al. (1976) 
suggests that mv values for clean sands increase from its initial value according to the following 
relationship, and do not decrease from the highest value obtained: 
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where, mv and Dr are initial volume compressibility and relative density of clean sand, 
respectively. For silty sands, the above equation is modified using an equivalent relative density 
(Drc)eq instead of Dr to take into account the effects of fines on volume compressibility (Shenthan 
2005). Typical values for mv0 are adopted from Thevanayagam and Martin (2001). 
 
3.5 SPT Blow Count (N1)60cs vs Clean Sand Relative Density (Dr)cs 
 
The numerical simulations of the above theoretical relationships require soil density parameters 
in terms of relative density for clean sands and equivalent clean sand relative density (Drc)eq for 
silty soils (Thevanayagam et al. 2002, Shenthan 2005). Details about the relationship of (Drc)eq to 
void ratio e, fines content FC, and soil gradation are presented elsewhere (Thevanayagam et al. 
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2002, 2003, Kanagalingam and Thevanayagam 2006). However, most field data describing soil 
conditions are expressed in terms of normalized overburden-stress-corrected SPT blow counts 
(N1)60 and silt content. For simulation of field sites, the reported (N1)60 and fines content need to 
be converted to (Drc)eq. Conversely, for practical field applications of results from numerical 
simulations of simple soil profiles, the results obtained from such simulations must be converted 
to normalized clean sand SPT blow counts (N1)60cs.  
 
For this purpose, the relationship proposed by Tokimatsu and Seed (1984) for clean sand relative 
density (Dr)cs and normalized clean sand blow count (N1)60cs shown in Figure 3-7 was used (Nashed 
2005). For non-plastic silty soils, (N1)60cs is related to the normalized overburden-stress-corrected 
SPT blow counts (N1)60 and fines content FC by: 

( ) ( )1 160 60cs
N A B N= +                                                           (3-12) 

where A = 0 and B = 1.0 for FC ≤ 5 % by weight, and A = 5.0 and B =1.2 for FC ≥ 35 % 
(NCEER 1997). For FC between 5 and 35%, A and B are given by:  
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Figure 3-7.  Relationship Between Relative Density (Dr)cs and (N1)60cs for Clean Sands 
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CHAPTER 4 

VIBRO-STONE COLUMN - NUMERICAL SIMULATIONS 
AND DESIGN CHARTS 

 
 
4.1 Introduction 
 
The numerical model outlined in Chapter 3 was used to simulate the vibro-stone column 
installation process in saturated sands and silty sands to: (i) verify its predictive capabilities, (ii) 
study the effects of soil parameters such as hydraulic conductivity and silt content, area 
replacement ratio, wick drains, and initial soil density or penetration resistance on post-
improvement density or penetration resistance, and (iii) develop simplified charts for design of 
vibro-stone columns for liquefaction mitigation. Figure 4-1 shows the vibro-stone column layout 
used for these numerical simulations. The spacing between vibro-stone columns is 2b (Figure 2-
4). The spacing between wick drains is b (Figure 2-4). The radius of the stone columns and the 
equivalent radius of pre-installed wick drains are a and rw, respectively. The wick drains are 
installed first over the entire site before vibro-stone columns are constructed. Two different 
effects of stone column installation processes, (i) vibration-induced excess pore pressure 
development and densification, and (ii) cavity-expansion-induced pore pressure development and 
densification, were considered separately. In the case of vibration-induced pore pressures, it was 
assumed that the perimeter stone columns shown in Figure 4-1 are installed first and the center 
stone-column is installed last. A finite-difference numerical scheme was developed to simulate 
vibro-stone column installation and the densification process in the soil surrounding the center 
column. Boundaries of symmetry allow reducing the computational time by requiring 
calculations to be done for only the representative area shown in Figure 4-1. Details of the 
simulation scheme are presented in Shenthan (2005). 

Figure 4-1.  Composite Stone Column Layout 
  
First, the numerical model was used to simulate the densification process in clean sands with no 
pre-installed wick drains. The relationship between pre- and post-improvement penetration 
resistances were obtained and compared with known case-history based data. This is described in 
Section 4.2. Secondly, simulations were done to study the effect of silt content and permeability 
on post-improvement equivalent clean sand relative densities achievable using vibro-stone 
columns with preinstalled wick drains and without wick drains, respectively. Based on 
experimental data available in the literature (Shenthan 2001), hydraulic conductivity k was 
obtained as a function of silt content. This is presented in Section 4.3. In these simulations, the 

Representative  
Area 

(Outer) Stone 
Column

Wick Drain 

Center Column 



 

 26

effect of cavity expansion was neglected and the effect of vibration induced pore pressure 
generation and dissipation was included. 
 
In the third set of simulations, the effect of cavity expansion was included and the vibration 
induced pore pressures were neglected. The effect of cavity expansion on post-improvement 
equivalent clean sand relative densities was studied. This is reported in Section 4.4. Fourth, 
based on the above results, simplified design charts were developed, as presented in Section 4.5. 
This was followed by comparisons of the design chart-based predictions with results from a field 
study described in Section 4.6. In all the simulations, dissipation of excess pore pressures in the 
vertical direction was neglected in order to reduce the computational time. Possible effects of 
changes in confining stresses due to stone column installation were not included in this study. 
 
4.2 Vibro-stone Columns in Sand without Wicks 
 
The simulations presented herein consider soil densification due to dissipation of vibration 
induced pore pressures only.  The simulations herein consider installation of vibro-stone columns 
in uniform clean sand with no wick drains (Figure 2-4a). Three different pre-improvement soil 
densities were used: (a) Dr=40%, (b) Dr =48%, and (c) Dr =59%. The hydraulic conductivity was 
assumed to be 5x10-6 m/s, representative for sand. Three different area replacement ratios 
(Ar=5.6, 10.0, and 22.5%) were simulated for each initial density, where Ar=(Ac/Ae)*100%, Ac is 
area of the stone column, Ae is the tributary area (=π*De

2/4), and De=equivalent diameter of the 
tributary area=1.05 times the center-to-center spacing between stone columns installed in a 
triangular pattern. These Ar values correspond to center-to-center stone column spacing of 4 
diameters, 3 diameters, and 2 diameters, respectively. Table 4-1 summarizes the probe 
characteristics used for the simulation. Table 4-2 summarizes simulation parameters.  
 

Table 4-1.  Vibratory Probe Specifications 
 

Length Frequency Power Rating P0 η0 β Avg. Penetration Rate 
m Hz kW %  cm/s 
3 50 120 50 4 3 

 
Table 4-2.  Simulation Parameters – Vibro-stone Column 

 
Column Dia. (m) Column Spacing (m) k (m/s) 

 Ar=5.6% Ar=10.0% Ar=22.5%  
0.9 3.6 2.7 1.8 5x10-6 

Note: Initial effective confining pressure at the depth considered is about 100 kPa. 
 
The post-improvement relative densities are compared against pre-improvement densities for the 
three different area replacement ratios in Figure 4-2a. The results indicate that the area 
replacement ratio has a significant influence on post-improvement density. This influence 
diminishes as the initial density increases. Although not shown herein, it was also found that 
hydraulic conductivity also plays an important role. Higher hydraulic conductivity leads to 
higher densification for the same vibratory duration. Post-improvement densification diminishes 
as the hydraulic conductivity decreases (Shenthan 2005, Thevanayagam et al. 2001). 
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Figure 4-2.  Vibro-stone Column Simulation Results 

 
For qualitative comparison purposes, the data in Figure 4-2a may be converted to equivalent SPT 
blow counts (N1)60c-s using Tokimatsu and Seed (1984) relationship for (N1)60c-s and (Dr)cs for 
clean sands, as shown in Figure 4-2b.  This can be compared with the field-case history database 
for pre- and post-improvement SPT blow counts compiled by Baez (1995) shown in Figure 4-3.  
The regression curves for post-improvement SPT blow counts obtained by Baez (1995) were 
based on an analysis of a number of case histories, where vibro-stone columns were used to 
improve sandy soil sites with less than 15% silts. Although direct comparisons are not possible 
due to lack of site-specific data, the trend found in Figure 4-2b agrees well with the trend in  
Figure 4-3. 
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Figure 4-3.  Vibro-stone Column Design Curves (Baez 1995) 

 
4.3 Vibro-stone Columns in Silty Sand with Wicks 
 
A number of simulations were conducted to assess the effects of hydraulic conductivity and silt 
content, and area replacement ratio Ar on post vibro-stone column installation soil density of silty 
soils preinstalled with wick drains (Figure 2-4b). Wick drains were assumed to be 100 mm x 5 
mm in size with an equivalent diameter of 5 cm, installed at the center point between adjacent 
vibro-stone column locations (Figure 4-1). The soil sites were considered to be uniform sites. 
Three different pre-improvement equivalent clean sand relative densities ((Dr)eq=40, 48 and 
59%, Shenthan 2005) were considered. Two different area replacement ratios (Ar=10.0, and 
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22.5%) were simulated. Silt content dependent soil input parameters (compressibility mv, 
hydraulic conductivity k, energy required to cause liquefaction EL) based on an experimental 
database for silty soils (Shenthan 2001, and Thevanayagam et al. 2001) were used. For direct 
comparison purposes, the same simulations were repeated for vibro-stone columns in the same 
soil without pre-installed wick drains (Figure 2-4a).  
 
Figures 4-4a-b show the simulation results for post-improvement equivalent clean sand relative 
densities for Ar=10, and 22.5%, respectively, for the three different initial equivalent clean sand 
relative densities (Dr)eq considered. Without wick drains, no significant improvement is achieved 
for soils with hydraulic conductivity less than about 10-6 m/s. Although not shown in this 
Section, at low Ar, wick drains do not contribute to any further increase in post-improvement 
density for all initial densities (Shenthan et al. 2004a-c). In this case, the spacing of stone 
columns and wick drains are too large and wick drains are far from the stone columns to be 
effective in relieving the excess pore pressures generated during vibro-stone column installation 
and to facilitate repeated cycles of densification. As the area replacement ratio increases, both 
stone column spacing and wick drain spacing become smaller and the influence of wick drains in 
relieving the excess pore pressures become significant. At a high area replacement ratio of about 
20% or above (Figure 4-4b), wick drains significantly contribute to the drainage and repeated 
densification occurs during vibro-stone column installation, even for silty soils with hydraulic 
conductivity as low as 10-8 m/s. However, the degree of improvement is dependent on hydraulic 
conductivity. 
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Figure 4-4.  Composite Vibro-stone Columns – Simulation Results 
(SC=Vibro-stone Column without Wicks, SC + Wicks= Vibro-stone Column with wick drains) 

 
4.4 Cavity Expansion and Densification 
 
The simulations presented herein consider soil densification due to dissipation of cavity 
expansion induced pore pressures only. These simulations involved two cases: (i) vibro-stone 
columns with wick drains, and (ii) vibro-stone columns without wick drains. The initial 
equivalent clean sand relative density (Dr)eq of soils was 40%. Three different area replacement 
ratios (Ar=10, 15, and 25%) were considered. Probe characteristics used for the simulation are 
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the same as those summarized in the Table 4-1. Table 4-3 summarizes simulation parameters 
relevant to this analysis. Vibratory probe diameter was 0.36 m. The probe was reinserted 7 times, 
in lifts of 1m, to build a stone column of 0.95 m diameter. Field experience indicates that this 
process takes about 4 to 5 minutes per lift of 1 m.  
 

Table 4-3  Simulation Parameters - Cavity Expansion 
 

Column Diameter (m) Column Depth (m) Column Spacing (m) Depth Simulated (m) 

  Ar=10% 15% 25%  
0.95 15 2.85 2.3 1.8 12 

Note: Initial effective confining pressure at the depth considered is about 100 kPa. 
 
The post-improvement densification results are shown in Figures 4-5a, b, and c for Ar=10, 15, 
and 25, respectively. Without wick drains, highest improvement is achieved for highly 
permeable soils at or above 10-5m/s. The post-improvement density depends on hydraulic 
conductivity and area replacement ratio. Addition of wick drains does not significantly affect the 
degree of improvement due to cavity expansion. It appears that the cavity expansion induced 
pore pressures do not extend far enough from the stone column and hence wick drains do not 
significantly contribute to drainage in this case, except for large Ar (Figure 4-5c). 
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Figure 4-5.  Post-improvement Densification - Due to Pore Pressures Induced by Cavity Expansion 
 
The above results shown in Figures 4-4 and 4-5 indicate that both cavity expansion process and 
ground vibration contribute to densification. Post-improvement densities due to the coupled 
effect of both cavity expansion and vibratory energy should be higher than those obtained by 
considering cavity expansion only. 
 
4.5 Simplified Design Charts 
 
Based on the above simulation models, additional studies were conducted to develop simplified 
design charts to obtain the relationships between pre- and post-improvement soil densities for 
various uniform soil sites containing sands to non-plastic silty soils improved by SC pre-installed 
with wick drains. For convenient field applications, the results were converted in a form to 
present them in terms of equivalent pre- and post-improvement normalized clean sand SPT blow 
counts (N1)60cs (Nashed 2005).  The numerical simulations were conducted for uniform silty soil 
deposits with three different pre-improvement (N1)60cs of 7, 11 and 16. For each (N1)60cs, three 
different area replacement ratios (Ar = 5.6, 10, and 22.5%) were considered. For each case, 
simulations were done for stone column installation process (i) without pre-installed wick drains, 
and (ii) with pre-installed wick drains, respectively. The effect of fines content was reflected by 
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varying the hydraulic conductivity (k) from 10-4 to 10-8 m/s, representing clean sands to non-
plastic sandy silts. It was assumed that the vibro-stone columns are installed in a triangular 
pattern with wick drains pre-installed at midpoints between stone column locations as previously 
indicated in Figure 4-1. The power rating of the vibratory probe was set at 120 kW, operating at 
50 Hz. The wick drains were assumed to be 100 mm x 5 mm in size with an equivalent diameter 
of 5 cm. 
 
Figures 4-6 and 4-7 show the simulation results for pre- and post- improvement (N1)60cs soils at a 
depth with effective vertical stress of 100 kPa for a range of k values. Solid lines in Figure 4-7 
refer to soils improved with stone columns preinstalled with wick drains. The dashed lines refer 
to soils improved by stone columns alone without pre-installed wick drains. Figure 4-7 shows a 
similar trend shown in Figure 4-3 observed from stone column case histories for soils containing 
silt content up to 15%. However, Figure 4-7 is applicable for silty sands containing a large range 
of silt contents.   Results show that, at a low area replacement ratio, the effect of supplementary 
wick drains is negligibly small and soil densification is primarily affected by stone columns. No 
significant additional densification is achieved by stone columns with wick drains compared to 
stone columns without wick drains in soils with hydraulic conductivities less than about 10-6 m/s. 
At a high area replacement ratio of about 22.5%, wick drains significantly contribute to the 
drainage of excess pore pressures induced during stone column installation and soil 
densification. The combined system is effective for soils containing non-plastic silt and hydraulic 
conductivity as low as 10-8 m/s. However, the degree of improvement decreases with increasing 
silt content and decreasing hydraulic conductivity. 
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Figures 4-8a,b show the relationship for pre- and post-improvement (N1)60cs for a fixed Ar = 
22.5%, for soils with k values ranging from 10-4 m/s to 10-8 m/s, for stone columns without wicks 
and with wicks, respectively. The soils at high k values refer to sands and low values refer to 
sandy silts. Without wick drains, for high k values which are relevant for sandy soil sites with 
little or no silt content, the results agree with field observations reported in Figure 4-3. The post-
improvement (N1)60cs values are significantly affected by k. For low k values which are relevant 
for silty sands and sandy silts, the post-improvement (N1)60cs values are much smaller than those 
observed for sands (Figure 4-8a). When wick drains are included, the post-improvement (N1)60cs 
values are significantly improved (Figure 4-8b). 
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Figure 4-8. Pre- and Post-improvement (N1)60cs for Ar =22.5% (Note: 1E-6 means k = 10-6 m/s) 



 

 32

4.6 Field Comparisons   
 
As part of this effort, a field test was conducted to verify the applicability of the above design 
charts for field conditions. The field tests were done in collaboration with Hayward Baker, Inc. 
and Advanced Geosolutions, Inc. at a site in Marina Del Rey, CA. The site consists of loose 
sands, silts, and clayey layers. The average soil profile within the test section is shown in Figure 
4-9. The soil profile throughout the site is similar to the one shown in Figure 4-9 with varying 
layer thicknesses. The silt layer to be improved had a silt content ranging from 20 to 40 %. The 
hydraulic conductivity was estimated to be in the range 10-6 to 10-7 m/s. Liquefaction risk 
analysis suggested soil layers from 2.7 m up to about 6.0 m depth (approximate depth range of 
2.9 to 4.1 m at the test section) in the site were liquefiable for a design earthquake of M = 7.5 and 
amax = 0.35g. Ground improvement using vibro stone columns preinstalled with wick drains was 
recommended (Baez 2004, Personal communications).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-9.  Soil Profile, Marina Del Rey, CA 
 
Figure 4-10 shows the field setup. Red flags in this figure show the locations for stone columns. 
The dry vibro compaction (or stone column) method was used at this site. It involved the use of a 
bottom feed (“S” type) depth vibratory probe comprising an electrically powered eccentric 
weight assembly enclosed in a heavy tubular steel casing. The probe was powered by a 250 kVA 
diesel generator and develops high centrifugal forces in a horizontal plane at 30 Hz. Length of 
the probe was about 2.7 m, which was connected to follower tubes to a total length of about 10 m 
for this particular project. The diameter of the probe was about 0.45 m, and that of the stone 
columns was 0.9 m. Spacing between stone columns was 2.4 m, and the area replacement ratio 
was about 11 %. Wick drains dimensions were 100 mm x 5 mm (Baez 2004, Personal 
communications).  
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(a) Instrumentation and Wick Drains  (b) Installation of Stone Columns begins     (c) Stone Column Installation         

Figure 4-10.  Instrumented Field Tests at Marina Del Rey 
.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-11.  Site Layout and Instrumentation Locations 
(Stone columns were installed at the numbered sequence shown) 

 
Figure 4-11 shows a schematic diagram of the test area. Stone columns were installed at the 
numbered sequence 1 to 9. Pore pressures, ground vibrations, and energy delivered to the soil 
during stone column installation were monitored using a CPT mounted seismic piezocones 
(Fugro Geosciences, Inc., CA) at locations A, C (Figure 4-11), retrievable seismic 
accelerometers (www.nees.ucla.edu) at location B, and a current sensor mounted on the power 
cable of the crane, respectively.  Details of the site, field test, instrumentation, and data are 
presented elsewhere (Shenthan 2005). 
 
Three pre-improvement CPT tests and two post-improvement CPT tests were completed at the 
test location.  The average pre- and post-improvement CPT profiles are shown in Figure 4-12a, 
and the corresponding soil profile is shown in Figure 4-12b. A detailed analysis of these data is 
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presented elsewhere (Shenthan 2005). Approximate average water table at the time of CPT tests 
and stone column installation is shown on the soil profile using dashed-line (Figure 4-12b). CPT 
test results were interpreted following the procedures outlined by Youd et al. (2001). Normalized 
CPT resistance results were converted to clean sand equivalent normalized SPT blow counts, 
(N1)60cs, using correlations recommended by Robertson and Wride (1998). The field results are 
shown in the simulation chart developed for Ar = 10%, which is slightly different from the field 
Ar of 11%, in Figures 4-13a and b. The field results are in good agreement with the simulation 
results. Additional field data are needed to further validate the range of applicability of the 
simulation results. 
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Figure 4-12.  Cone Penetration Test Data 
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Figure 4-13 Comparison of Field Test Results with Numerical Simulations for Ar = 10%   
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CHAPTER 5 
DYNAMIC COMPACTION - NUMERICAL SIMULATIONS  

AND DESIGN CHARTS 
 

 
5.1 Introduction 
 
The numerical model outlined in Chapter 3 was used to simulate the dynamic compaction 
process in saturated sands and silty sands to: (i) verify its predictive capabilities, (ii) study effects 
of various soil properties and DC operational variables on degree of improvement achievable, 
and (iii) develop simplified design charts for dynamic compaction.  
 
The flowchart in Figure 5-1 shows the DC stimulation procedure. Numerical simulation of the 
densification process begins with delivering energy to the ground surface through one impact of 
the pounder. The energy delivered to the ground surface is calculated considering a free drop of 
weight W from a given height H on the ground surface. Parameters such as cable drag and air 
resistance that restrict free fall are not considered. Such factors should be taken into account   in 
the field by increasing drop height to achieve the design energy delivery per drop. The spatial 
distribution of the energy dissipated per unit volume of soil and the excess pore pressure 
distribution generated due to surface impact is determined based on the procedures outlined in 
Sections 3.2 and 3.3. The changes in pore pressures and associated changes in soil density are 
calculated based on consolidation equations presented in Chapter 3. A time-step finite difference 
scheme is used to simulate these processes until the next impact. It is recognized that all the 
excess pore pressure may not fully dissipate during the interval between the impact cycles. 
Therefore, the simulation model considers the residual excess pore pressure as well as the 
decaying energy transfer efficiency as soil approaches liquefaction. As the excess pore pressure 
dissipates and the soil density increases, the soil properties also change with time during the 
impact cycles. The soil parameters are continuously updated during this simulation to take these 
changes into consideration. Further details of this numerical simulation procedure are presented 
in Nashed (2005).  
 
First, the numerical model was used to simulate a few known case histories of dynamic 
compaction. The results were compared with field data from these case histories. Following 
reasonably good comparisons, the simulation procedure was used to assess the effects of the 
following parameters on the depth of improvement and degree of improvement in sands and silty 
sands: (i) hydraulic conductivity k and fines content FC, (ii) number of impacts, (iii) time cycle 
between impacts, (iv) impact grid pattern and print spacing, (v) wick drains spacing, and (vii) 
initial density or standard penetration resistance. The results from this study are presented in 
Nashed (2005). This was followed by development of design charts for dynamic compaction. 
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Figure 5-1.  Modeling of DC Processes 
 
5.2 Comparisons with Case Histories 
 
This section presents comparisons of numerical simulation results for two case histories of 
dynamic compaction: (a) Kampung Pakar (Chow et al. 1992), and (b) Steinaker dam (Dise et al. 
1994). The Kampung site is a clean sand site, improved by DC without any wick drains. The 
Steinaker dam site is a silty sand site improved by DC preinstalled with wick drains. 
 
5.2.1 Kampung Pakar – Clean Sand Site 
 
The Kampung Pakar site is in the Sungei Besi area near the Kuala Lumpur-Seremban Highway, 
approximately 15 km from Kuala Lumpur, Malaysia. The site consisted of 14 m of relatively 
clean, uniform, homogeneous and highly permeable loose sand, except for a layer of silty clay at 
a depth of 10 to 12 m. The site is underlain by limestone bedrock at 14 m depth (Figure 5-2). The 
groundwater level was at a depth of about 3 m below the surface. The dynamic compaction 
program at this site involved two high-energy passes over a 6 m x 6 m grid pattern using a 1.83 
m x 1.83 m square pounder weighing 15 Mg (Figure 5-4). The number of impacts per location 
was 10 for the first pass and six for the second pass. The details of the compaction program are 
summarized in Table 5-1. No wick drains were installed at this site. Pre- and post-improvement 
CPT tests were performed at the center of the 6 m x 6 m square impact grid pattern shown in 
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Figure 5-4.  The relative density profile at the site has been estimated from the CPT 
measurements based on Meyerhof’s 1957 and 1976 correlations between cone resistance; friction 
angle; and relative density for clean sand reported in Chow et al. (1994).  Details of the 
numerical simulations are presented in Nashed (2005). The post-improvement density profile 
obtained from numerical simulations is compared with the density profile deduced from CPT 
data in Figure 5-3. The simulation results agree reasonably well with the field data. 
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Figure 5-4.  Impact Grid Pattern 
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Table 5-1.  Impact Parameters – Dynamic Compaction 
 

Kampung Paker     
Site, Malaysia Steinaker dam modification project, Utah 

 Parameters 
1st pass 2nd pass Initial 

ironing 1st phase 2nd phase 3rd phase 

Pounder weight (Mg) 15.0 15.0 30.0 30.0 30.0 30.0 
Drop height (m) 20.0 25.0 18.0 30.0 30.0 30.0 

No. of impacts at each grid point 10 6 2 30 30 20 
 
The further illustrate the utility of the numerical simulation method developed in this work, 
additional simulations were conducted for a representative area marked in Figure 5-4 to obtain 
the progressive changes in density profiles during dynamic compaction. Figure 5-5 shows 
subsurface relative density contours for a section between impact location points 1 and 3 as 
illustrated in Figure 5-5 b.  Figures 5-6 to 5-12 demonstrate the progressive changes in 
subsurface relative density contours due to repeated impacts at the impact location where the 
crane shown in the adjunct diagrams. For example, Figure 5-6 illustrates the subsurface relative 
density contours for section 1 – 3 immediately after the tenth impact on location 1 of the first 
pass, Figure 5-7 illustrates the subsurface relative density contours for same section immediately 
after the tenth impact on location 2 of the first pass, while Figure 5-10 illustrates the subsurface 
relative density contours for same section immediately after the sixth impact on location 1 of the 
second pass.  
 

                                     
Figure 5-5.  a) Pre-compaction Soil Density        Figure 5-6.  a) Soil Density Profile after Impacts  

Profile, b) Impact Grid Pattern                           on Location 1, 1st Pass, b) Impact Location 
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Figure 5-7.  a) Soil Density Profile after Impacts    Figure 5-8.  a) Soil Density Profile after Impacts 
    on Location 2, 1st Pass; b) Impact location             on Location 3, 1st Pass; b) Impact Location 
  

                                      
Figure 5-9.  a) Soil Density Profile after Impacts   Figure 5-10.  a) Soil Density Profile after Impacts 
on Location 4, 1st Pass; b) Impact Location                on Location 1, 2nd Pass; b) Impact Location 
 

                                       
Figure 5-11. a) Soil Density Profile after Impacts  Figure 5-12. a) Soil Density Profile after Impacts 
on Location 2, 2nd Pass; b) Impact Location             on Location 3, 2nd Pass; b) Impact Location 
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5.2.2 Steinaker Dam – Silty Sand Site 
 
Steinaker dam was built as an earth fill dam in the 1960’s. Alluvial materials form the foundation 
beneath the main dam section including a deep layer of non-plastic silty sand with an average 
fines content of 45 % underlain by stiff, fat clay lying directly on bedrock (Dise et al. 1994). 
Testing conducted in 1986 under the safety of dams program determined that the sandy silt layer 
beneath the dam was liquefiable, and that the dam would fail should the design maximum 
credible earthquake of magnitude 6.5 occur. Alternatives were investigated and the remedial 
modification selected was a stability berm placed on treated foundation material at the 
downstream toe of the dam. Dynamic compaction was selected to treat approximately 9.5 m of 
liquefiable sandy silt. Figure 5-13 shows the soil profile at the site, 1.5 m thick compaction pad 
was placed on top of the sandy silt layer. Perimeter well points were installed to lower the water 
table at least 3.7 m below the top of the compaction pad. Wick drains were installed on 1.5 m 
centers to a depth of 9.0 m from the top of the compaction pad.  
 
The dynamic compaction program involved an initial ironing pass and three high-energy passes 
(primary, secondary, and tertiary). The impact grid pattern is shown in Figure 5-15. The primary 
and secondary drop points were located at the corners of 7.6 m x 7.6 m squares. The primary and 
secondary grid spacing is 15.2 m. Tertiary points were located at the center of each 7.6 m x 7.6 
m square. The pounder weight was 30.0 Mg. The initial ironing pass included two impacts from 
a drop height of 18.0 m at each primary, secondary, and tertiary impact location. The drop height 
was 30.0 m for the primary, secondary, and tertiary passes. The number of impacts per grid 
location was 30 for the primary and secondary passes, and 20 for the tertiary pass. The details of 
the compaction program are summarized in Table 5-1. The primary pass was completed over the 
entire site before drops were allowed in the secondary pass. The secondary pass was completed 
before the tertiary pass. To further prevent pore pressure build up, drops were completed on each 
row before impacting locations on the next.  
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Figure 5-15.  Impact Grid Pattern for Steinaker Dam Modification Project, Utah 

 
Numerical simulations were conducted for this site using the above compaction parameters. The 
hydraulic conductivity was unknown, and it was assumed to be 10-8 m/s based on other available 
data for silty sands at 45% silt content (Thevanayagam and Martin 2001). 
 
The pre- and post-improvement field SPT corrected blow count for overburden pressure (N1)60 
obtained at a location midway between primary and secondary drop locations (as illustrated in 
Figure 5-15) are shown in Figure 5-14 (records obtained through collaboration with Hayward 
Baker Inc., also Dise et al., 1994). The measured post-improvement SPT (N1)60 are compared 
with post-improvement simulation results in this figure. The simulation results follow the trend 
observed in the field.  
 
5.3 Parametric Studies 
 
Parametric studies were conducted to study the effects of hydraulic conductivity and wick drain 
spacing on the effective depth of influence of ground improvement by dynamic compaction. In 
each simulation, the site was considered as a uniform soil site with a specified value of (N1)60c-s.  
The groundwater table was assumed to be at 2 m below the ground surface. The studies reported 
herein were limited to the impact grid pattern used in Section 5.2.2 (shown in Figure 5-15). 
Three energy delivery passes (primary, secondary, and tertiary) were made. Each grid point 
received a total of 12 impacts per pass. The time cycle between subsequent impacts was selected 
as 2 minutes. The cumulative energy applied at the sites ranged from 1 to 3 MJ/m2. In all 
simulations, the energy (WH) per impact was varied from 250 to 750 Mg.m. The hydraulic 
conductivity (k) and wick drain spacing were varied to represent the variation in silt content and 
drain spacing. The equivalent diameter of the wick drains was 5 cm. The center-to-center wick 
drain spacing was set at 1.5 m. For comparison purposes, one set of simulations was done for a 
sand deposit at the same (N1)60c-s as the silty sand sites, without wick drains. The hydraulic 
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conductivity of this soil was set at 10-5 m/s representing sand. The spacing between the impact 
points was 6 m for the sand site. The energy (WH) per impact was varied from 200 to 500 Mg.m. 
 
The depth of improvement dmax is considered as the depth at which 10 % improvement in the 
equivalent relative density is achieved. For the silty soil sites, dmax was considered at a location 
midway between primary and secondary drop locations (as illustrated in Figure 5-15), while for 
sand sites, dmax was considered at the center of the square impact grid pattern as shown in  
Figure 5-4.   
 
Figure 5-16 shows the effect of the hydraulic conductivity and fines content of the soil on the 
achievable depth of improvement dmax by DC. Figure 5-16a shows the depth of improvement 
dmax versus WH (energy per impact) for the two silty soil sites, with preinstalled wick drains. The 
hydraulic conductivity of the soil at these two sites was 10-7 m/s and 10-8 m/s, respectively. The 
pre improvement (N1)60c-s value for these two sites was 7.5. Although not shown in this figure, 
simulations of these silty soils without wick drains indicated little or no improvement. Figure 5-
16b shows dmax versus WH for the clean sand site at the same pre improvement (N1)60c-s, without 
wick drains. The empirical relationship (dmax =n(WH)0.5; Lukas 1986, 1995) applicable for highly 
permeable sandy sites assuming n=0.5 (without wick drains) is also shown in these figures.  
 
When compared with Figure 5-16b, the results indicate that, with the provision of preinstalled 
wick drains, silty soils can be improved up to comparable depths of improvement achievable in 
clean sands. It is also interesting to note the effects of hydraulic conductivity on dmax in silty 
soils, even with preinstalled wick drains. A decrease in hydraulic conductivity reduces the 
effective depth of influence dmax. 
 
Although further details of this study are not reported herein, results indicated that DC is 
ineffective in silty soils with hydraulic conductivity less than 10-6 m/s, without preinstalled wick 
drains. With wick drains, however, silty soils with hydraulic conductivities as low as 10–8 m/s 
could be densified using DC by pre-installing wick drains at a spacing of 1.0 m to 1.5 m. 
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Figure 5-16.  Effect of Hydraulic Conductivity and Fines Content on Depth of Influence 
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Figure 5-17a shows the effect of wick drain spacing on the achievable depth of improvement 
dmax by DC for a silty soil deposit with k of 10-7 m/s and pre-improvement (N1)60c-s of 7.5, 
preinstalled with wick drains at three different spacing, 1.0, 1.5, and 2.0 m, respectively. Figure 
5-17b shows the effect of wick drain spacing on the achievable depth of improvement dmax at two 
different spacing 1.0 and 1.5 m, respectively, for energy per blow range of 250 to 750 Mg.m. 
Wick drains at close spacing improve the efficiency of DC. However, spacing closer than 1 m 
may not be practical. Further details are reported in Nashed et al. (2004). 
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Figure 5-17.  Effect of Wick Drains Spacing on Depth of Influence 
 
5.4. Visualization Tools 
 
Visualization tools have also been developed to display and view changes in pore pressures and 
soil densities in the subsurface around the impact zones during DC process. This section presents 
an example simulation results to illustrate the utility of the visualization tools. 
 
The soil site chosen for this example consists of uniform silty sand at a silt content of 25% and 
hydraulic conductivity k of 10-7 m/s. The pre-improvement (N1)60-cs value was 7.5 (Nashed 
2005). Wick drains were pre-installed in a square pattern at 1.5 m spacing. The impact grid 
pattern is shown in Figure 5-18. The grid spacing S is 15.0 m. Dynamic compaction was done in 
three phases: primary, secondary and tertiary. Impacts were carried out row by row. The primary 
phase was completed first, followed by secondary and tertiary phases. Each phase consisted of 
eight impacts (NI) per grid location. The time cycle T between impacts at each grid point was 2.0 
min. The energy delivery per impact WH was 260 Mg.m.  
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Figure 5-18.  Impact Grid Pattern 
 
5.4.1 Example Results during Primary Phase 
 
Consider the beginning of the primary phase of improvement starting with impacts at a primary 
starting grid point (next to the crane) shown in Figure 5-19.  Consider a reference wick drain 
located at the center between the primary grid point and the adjacent secondary grid point as 
shown in Figure 5-19.  The results below show the subsurface excess pore pressures and 
densities in the vicinity of this reference wick drain at specific times during and after certain 
impacts in the primary impact phase.  The horizontal axis in these figures refers to distance from 
the axis of the reference wick drain in meters up to half distance (0.75 m) between adjacent wick 
drains.  Figure 5-19a shows the excess pore pressure contours around a wick drain immediately 
after the eighth impact at the last primary grid point close to the referenced wick drain. Figure 5-
19b shows the pore pressures two minutes after the eighth impact. Figure 5-19c shows the soil 
density profile around the same wick drain location two minutes after the eighth impact before 
any further impacts at the secondary grid points. 
 
5.4.2 Example Results during Secondary Phase 
 
The numerical simulations were continued through the entire primary phase and into the 
secondary phase.  Consider the secondary phase impact at the last secondary grid point adjacent 
(Figure 5-20) to the same reference wick drain described before.  The results below show the 
subsurface excess pore pressures and densities in the vicinity of this reference wick drain at 
specific times during and after certain impacts at the grid point in the secondary phase.  Figure 5-
20a shows the excess pore pressures around the reference wick drain immediately after this 
eighth impact.  Figure 5-20b shows the excess pressures two minutes after impact.  Figure 5-20c 
shows the density profile two minutes after the eighth impact before any further impact at the 
tertiary grid points.  Comparison of Figures 5-19c and 5-20c illustrates the changes in density 
from the end of the primary phase to the end of the secondary phase. 
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Figure 5-19.  Primary Phase: a) Pore Pressure Profile after 8th Impact at the Primary Location 
Shown: b) Pore Pressure Profile at 2 Minutes after 8th Impact; c) Soil Density Profile (Dr)eq at 2 

Minutes after 8th Impact 
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Figure 5-20.  Secondary Phase: a) Pore Pressure Profile after 8th Impact at the Secondary location 

Shown; b) Pore Pressure Profile at 2 Minutes after 8th Impact, c) Soil Density Profile (Dr)eq at 2 
Minutes after 8th Impact 

 
5.4.3 Example Results during Tertiary Phase 
 
The numerical simulation was continued past completion of the secondary phase into the tertiary 
phase. Consider the beginning of the tertiary phase impact at the last tertiary grid point adjacent 
(Figure 5-21) to the same reference wick drain previously described.  The results below show the 
subsurface excess pore pressures and densities in the vicinity of this reference wick drain at 
specific times during and after certain impacts at the last grid point in the tertiary phase.  Figure 
5-21a shows the excess pore pressures around the reference wick drain immediately after this 
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eighth impact. Figure 5-21b shows the excess pressures two minutes after impact.  Figure 5-21c 
shows the density profile after two minutes the eighth impact.  Comparison of Figure 5-20c and 
5-21c illustrates the changes in density from the end of the secondary phase to the end of the 
tertiary phase. 
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Figure 5-21.  Tertiary Phase: a) Pore Pressure Profile after 8th Impact at the Tertiary Location 
Shown; b) Pore Pressure Profile at 2 Minutes after 8th Impact; c) Soil Density Profile (Dr)eq at 2 

Minutes after 8th Impact 
 

5.4.4 Summary 
 
These figures illustrate the progress in consolidation and gradual increase in density of the soil 
around the reference wick drain during the DC process. This is illustrative of the changes 
occurring around each wick drain at the site. The density increases significantly near the ground 
surface and close to the wick drains. The changes in soil density decay gradually as the depth 
increases. The presence of the wick drains facilitates drainage and enhances the increase in soil 
density. The visualization tool is not sufficiently developed to be user friendly software yet. 
When sufficiently developed, it can serve as a design tool aided with visualization effects. 
 
5.5 Simplified Design Charts 
 
Based on the above simulation model, additional studies were conducted to develop simplified 
design charts to obtain the relationships between pre- and post-improvement equivalent clean 
sand SPT blow counts (or equivalent clean sand soil densities) for a set of selected uniform silty 
sand soil sites, for a range of hydraulic conductivities, improved by DC and preinstalled wick 
drains. Groundwater level was assumed to be at 2.0 m depth from impact surface. For convenient 
field applications, the results are presented in terms of equivalent pre- and post-improvement 
normalized clean sand SPT blow counts (N1)60cs.  
 
For all simulations, the impact grid pattern was assumed to be as shown in Figure 5-18. In each 
case, the DC process involved a single pass involving three phases of impact (primary, 
secondary, and tertiary), at the grid locations shown in this figure. WH, S, NI, wick drain spacing 
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Sw, and time cycle between impacts T were varied for each simulation. The size of the wick 
drains was assumed to be 100 mm x 5 mm with an equivalent diameter dw of 5 cm. 
 
5.5.1 Example Post-Improvement (N1)60cs Charts 
 
A total of eight example charts are presented in Figures 5-22 and 5-23. Figure 5-22 presents the 
charts for grid spacing of 15 m. Figure 5-23 shows the charts for grid spacing of 12 m. For all 
charts, each grid point received 12 impacts during each phase.  The time cycle between 
subsequent impacts was two minutes. The wick drains was assumed to be pre-installed at 1.5 m 
spacing in a rectangular pattern.  
 
Figure 5-22a shows the post-improvement (N1)60cs profile for various values of energy per impact 
(WH) for a silty sand site with a uniform pre-improvement (N1)60cs of 7.5 and k=1x10-7 m/s. 
Figure 5-22b shows the results for a uniform pre-improvement (N1)60cs of 16 and k=1x10-7 m/s. 
Figure 5-22c presents the results for a silty sand site with a uniform pre-improvement (N1)60cs of 
7.5 and k=1x10-8 m/s. Figure 5-22d shows the results for pre-improvement (N1)60cs of 16 and 
k=1x10-8 m/s. Figures 5-23a-d show a similar set of results as in Figures 5-22a-d, except for 
S=12 m. Each curve in these figures refers to post improvement (N1)60cs profile for a different 
value for WH ranging from 100 to 750 Mg.m. 
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a) k=10-7m/s, pre-(N1)60cs=7.5     b) k=10-7m/s, pre-(N1)60cs=16    c) k=10-8m/s, pre-(N1)60cs=7.5  d) k=10-8m/s, pre-(N1)60cs=16 
(NI = 12, T = 2 min, Sw = 1.5m, dw = 5 cm for all charts) 

Figure 5-22.  Pre- and Post-improvement (N1)60cs for S = 15 m (Post 750 = WH = 750 Mg. m) 
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 a) k=10-7m/s, pre-(N1)60cs=7.5     b) k=10-7m/s, pre-(N1)60cs=16     c) k=10-8m/s, pre-(N1)60cs=7.5    d) k=10-8m/s, pre-(N1)60cs=16 
(NI = 12, T = 2 min, Sw = 1.5m, dw = 5 cm for all charts) 

Figure 5-23.  Pre- and Post-improvement (N1)60cs for S = 12 m (Post 500 =WH = 500 Mg. m) 
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5.5.2 Post-Improvement (N1)60cs Charts 
 
Additional sets of design charts for other sets of (H, S, NI, T, Sw, dw and k) for different uniform 
soil deposits are presented in this section. The use of these charts to determine DC operational 
parameters WH, S, NI, T, Sw and dw for liquefaction mitigation design at a site is illustrated in 
Chapter 6 using stepwise design examples. 

 

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

De
pt

h 
(m

)

Pre
Post  750
Post  500
Post  260
Post  100

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

D
ep

th
 (m

)

Pre
Post  750
Post  500
Post  260
Post  100

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

De
pt

h 
(m

)

Pre
Post  750
Post  500
Post  260
Post  100

 
        (a) NI = 12, Sw = 1.5 m, T = 2 min        (b) NI = 12, Sw = 1.5 m, T = 4 min         (c) NI = 12, Sw = 1.0m, T = 4min 
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         (d) NI = 8, Sw = 1.5 m, T = 2 min         (e) NI = 8, Sw = 1.5 m, T = 4 min           (f) NI = 8, Sw = 1.0 m, T = 4 min 
 

Figure 5-24.  DC Design Charts for k=10-7 m/s, FC=25 %, pre_(Dr)eq= 40 % (pre-(N1)60cs=7.5),  
S=15.0 m (Post 750: WH = 750 Mg.m) 
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         (a) NI = 12, Sw = 1.5 m, T = 2 min      (b) NI = 12, Sw = 1.5 m, T = 4 min          (c) NI = 12, Sw = 1.0m, T = 4min 
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       (d) NI = 8, Sw = 1.5 m, T = 2 min            (e) NI = 8, Sw = 1.5 m, T = 4 min         (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-25.  DC Design Charts for k=10-7 m/s, FC=25 %, pre_(Dr)eq= 60 % (pre-(N1)60cs=16.0), 

S=15.0 m (Post 750: WH = 750 Mg.m) 



 

 50

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

De
pt

h 
(m

)

Pre
Post  750
Post  500
Post  260
Post  100

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

De
pt

h 
(m

)
Pre
Post  750
Post  500
Post  260
Post  100

0

2

4

6

8

10

12

14

16

0 10 20 30 40
(N1)60cs

De
pt

h 
(m

)

Pre
Post  750
Post  500
Post  260
Post  100

 
      (a) NI = 12, Sw = 1.5 m, T = 2 min        (b) NI = 12, Sw = 1.5 m, T = 4 min         (c) NI = 12, Sw = 1.0m, T = 4min 
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        (d) NI = 8, Sw = 1.5 m, T = 2 min         (e) NI = 8, Sw = 1.5 m, T = 4 min          (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-26.  DC Design Charts for k=10-8 m/s, FC=40 %, pre_(Dr)eq= 40 % (pre-(N1)60cs=7.5),  

S=15.0 m (Post 750: WH = 750 Mg.m) 
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        (a) NI = 12, Sw = 1.5 m, T = 2 min        (b) NI = 12, Sw = 1.5 m, T = 4 min         (c) NI = 12, Sw = 1.0m, T = 4min 
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          (d) NI = 8, Sw = 1.5 m, T = 2 min          (e) NI = 8, Sw = 1.5 m, T = 4 min        (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-27.  DC Design Charts for k=10-8 m/s, FC=40 %, pre_(Dr)eq= 60 % (pre-(N1)60cs=16.5), 

S=15.0 m (Post 750: WH = 750 Mg.m) 
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        (a) NI = 12, Sw = 1.5 m, T = 2 min          (b) NI = 12, Sw = 1.5 m, T = 4 min        (c) NI = 12, Sw = 1.0m, T = 4min 
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        (d) NI = 8, Sw = 1.5 m, T = 2 min            (e) NI = 8, Sw = 1.5 m, T = 4 min         (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-28.  DC Design Charts for k=10-7 m/s, FC=25 %, pre_(Dr)eq= 40 % (pre-(N1)60cs=7.5),  

S=12.0 m    (Post 750: WH = 750 Mg.m) 
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        (a) NI = 12, Sw = 1.5 m, T = 2 min       (b) NI = 12, Sw = 1.5 m, T = 4 min          (c) NI = 12, Sw = 1.0m, T = 4min 
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          (d) NI = 8, Sw = 1.5 m, T = 2 min         (e) NI = 8, Sw = 1.5 m, T = 4 min          (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-29.  DC Design Charts for k=10-7 m/s, FC=25 %, pre_(Dr)eq= 60 % (pre-(N1)60cs=16.5),  

S=12.0 m (Post 750: WH = 750 Mg.m) 
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        (a) NI = 12, Sw = 1.5 m, T = 2 min       (b) NI = 12, Sw = 1.5 m, T = 4 min          (c) NI = 12, Sw = 1.0m, T = 4min 
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        (d) NI = 8, Sw = 1.5 m, T = 2 min          (e) NI = 8, Sw = 1.5 m, T = 4 min         (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-30.  DC Design Charts for k=10-8 m/s, FC=40 %, pre_(Dr)eq= 40 % (pre-(N1)60cs=7.5),  

S=12.0 m (Post 750: WH = 750 Mg.m) 
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       (a) NI = 12, Sw = 1.5 m, T = 2 min        (b) NI = 12, Sw = 1.5 m, T = 4 min         (c) NI = 12, Sw = 1.0m, T = 4min 
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        (d) NI = 8, Sw = 1.5 m, T = 2 min          (e) NI = 8, Sw = 1.5 m, T = 4 min          (f) NI = 8, Sw = 1.0 m, T = 4 min 

 
Figure 5-31.  DC Design Charts for k=10-8 m/s, FC=40 %, pre_(Dr)eq= 60 % (pre-(N1)60cs=16.5), 

S=12.0 m (Post 750: WH = 750 Mg.m) 
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CHAPTER 6 
DESIGN EXAMPLES 

 
 
6.1 Introduction 
 
This section considers liquefaction potential at a few example sites, and presents design 
examples to illustrate the use of the simplified design charts to determine either dynamic 
compaction parameters or vibro-stone column parameters required to mitigate liquefaction at 
these sites for a given earthquake magnitude and maximum ground acceleration. 
 
6.2 Dynamic Compaction  
 
The post-improvement penetration resistance charts presented in Section 5.5.2 are directly 
applicable for a uniform silty sand deposit with: (i) pre-improvement (N1)60cs values of 7.5 or 16;  
(ii) energy per impact (WH) of 100, 250, 500, and 750 Mg.m; (iii) three phases of impact 
(primary, secondary, and tertiary), each phase consisting of a single pass of 8 or 12 impacts per 
grid location (NI) completed row-by-row; (iv) grid spacing S of 12.0 or 15.0 m (Figure 5-18); (v) 
time cycle between impacts T of 2 or 4 min; and (vi) wick drains spacing Sw of 1.5, 1.0 m 
(rectangular pattern). The size of wick drains was assumed to be 100 mm x 5 mm with an 
equivalent diameter of 5 cm. The charts were developed for two values of hydraulic 
conductivities of 10-7 m/s and 10-8 m/s, respectively. The groundwater is at a depth of 2 m below 
the working surface. The radius of the pounder ranges from 1.5 m to 2.5 m (Elias et al. 1999). In 
all cases, (N1)60cs is related to (N1)60 and fines content by the relationship presented in Section 
3.5.  
 
This section presents a few examples on the use of these charts for liquefaction mitigation, for 
uniform soil profiles. Figure 6-1 presents a flowchart describing the use of post-improvement 
penetration charts. For other soil profiles or other values of soil parameters, these charts may be 
interpolated appropriately as shown in a few examples below. 
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   Choose charts set for deposit k & pre-(N1)60cs 
Start with trial parameters: 

S = 15.0 m, Sw  =1.5 m, NI = 8 & T = 2 min 
 

 
Overlay the min. req. (N1)60cs profile 

Find (dmax)dsn for different impact energies  
 
 
 

(dmax)dsn    (dmax)req 
 
 
 

Use chart with 
higher NI and/or T 

OR 
smaller Sw  and/or S 

 
 
 

NI, T, Sw , S are practical? 
 

Consider another technique 
 

 
Print final design parameters 

W, H, NI, T, Sw , S 

  

Yes

Yes   

No

No

≥

 
Figure 6-1.  Design Example Procedure 

 
6.2.1 Design Example 1 
 
In this design example, a silty sand site with pre-improvement (N1)60cs shown in Figure 6-2 is 
considered. The fines content and the hydraulic conductivity are estimated to be about 25% and 
10-7 m/s, respectively. The groundwater level is at 2.0 m below the working surface. Based on 
liquefaction potential analysis using a procedure outlined by Youd et al. (2001), the required 
minimum (N1)60cs to mitigate liquefaction at the site was estimated for a design earthquake of M 
= 7.5 and amax = 0.25g. This minimum profile is also shown in Figure 6-2. This analysis indicates 
that the pre-improvement (N1)60cs is less than the required minimum values for the silty sand 
layer between 2.0 to 6.0 m depth is liquefiable. 
 
The average (N1)60cs for the liquefiable layer in Figure 6-2 located between 2 and 6 m is 7.5. The 
post-improvement charts corresponding to (N1)60cs = 7.5 and k = 10-7 m/s were chosen from 
Section 5.5.2 The minimum required (N1)60cs profile to resist liquefaction obtained from the 
liquefaction potential analysis was overlaid on these charts. The charts which will provide post-
improvement (N1)60cs profile exceeding the minimum required (N1)60cs for the layer at 2 to 6 m 
depth was chosen. This chart is shown in Figure 6-3.  
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Based on Figures 6-2 and 6-3, the recommended liquefaction mitigation solution is to use 
dynamic compaction supplemented with wick drains with the following characteristics: impact 
grid pattern as shown in Figure 5-18; Grid spacing S = 15 m; Impact phases: primary, secondary 
and tertiary completed row by row; Energy per impact (WH) = 750 Mg.m; Impact per grid 
location/phase (NI)= 12; Time cycle between impacts (T) = 2 min; wick drain spacing (Sw) = 1.5 
m; and wick drain equivalent diameter = 5 cm. 
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Figure 6-2. Pre- and Required (N1)60cs Figure 6-3. Post-improvement (N1)60cs Figure 6-4. Simulation Results 

           Chart (k=10-7m/s, Pre-(N1)60cs=7.5) 
 
In order to further assess the use of simplified post-improvement charts, one set of numerical 
simulations was also conducted for the actual pre-improvement (N1)60cs soil profile shown in 
Figure 6-2, for the chosen compaction parameters and grid spacing. The post-improvement 
(N1)60cs profile obtained from this simulation is shown in Figure 6-4. The simulation results 
indicate that the post-improvement (N1)60cs is indeed higher than the minimum required (N1)60cs 
to resist liquefaction at all depths.  
 
6.2.2 Design Example 2 
 
A nonuniform 9.0 m silty sand deposit is considered in this example with fines content and 
hydraulic conductivity of 25% and 10-7 m/s, respectively. The groundwater level is at 1.0 m. A 
1.0 m thick compacted granular working pad was constructed over the site (Figure 6-5), making 
the ground water at a depth of 2.0 m below the working surface. The pre-improvement 
equivalent clean sand normalized SPT profile (N1)60cs is shown in Figure 6-6. The depth values 
shown in this figure refer to depth below the working surface. 
 
Based on liquefaction potential analysis using SPT procedures (Youd et al. 2001), the minimum 
required (N1)60cs profile to resist liquefaction at this site was estimated for a design earthquake of 
magnitude M = 7.5 and peak horizontal accleration amax = 0.25g. This minimum required (N1)60cs 
profile is also shown in Figure 6-7 . Two layers located between depths of 2.0 m to 4.0 m and 6.0 
m to 10.0 m were found to be susceptible to liquefaction. The combined average (N1)60cs for 
these two layers is 16.0. The depth of improvement requiring ground improvement is 10 m. 
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Figure 6-5.  Design Example 2 
 
The post-improvement charts corresponding to (N1)60cs = 16 and k = 10-7 m/s were chosen from 
Section 5.5.2. The minimum required (N1)60cs profile to resist liquefaction obtained from the 
liquefaction potential analysis was overlaid on these charts. The charts which will provide post-
improvement (N1)60cs profile exceeding the minimum required (N1)60cs was chosen. This chart is 
shown in Figure 6-7.  
 
Based on Figures 6-6 and 6-7, the recommended liquefaction mitigation solution is to use 
dynamic compaction supplemented with wick drains with the following characteristics: impact 
grid pattern as shown in Figure 5-18; Grid spacing S = 15 m; Impact phases: primary, secondary 
and tertiary completed row by row; Energy per impact (WH) = 570 Mg.m; Impact per grid 
location/phase (NI)= 12; Time cycle between impacts (T) = 4 min; wick drain spacing (Sw) = 1.5 
m; and wick drain equivalent diameter = 5 cm. 
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Figure 6-6. Pre- and Required (N1)60cs Figure 6-7. Post-improvement (N1)60cs Figure. 6-8 Simulation Results 

                                                             Chart (k=10-7 m/s, Pre-(N1)60cs=16.0) 
 

8.0 m 

1.0 m 
1.0 m 

Silty Sand 
k = 10-7 m/s 
FC = 25 % 
Ave. pre_(Dr)eq= 60 % 
Ave. pre_(N1)60cs= 16.0 

 Wick drains 

Compaction pad 
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In order to further assess the use of simplified post-improvement charts, one set of numerical 
simulations was also conducted for the actual pre-improvement (N1)60cs soil profile shown in 
Figure 6-6, for the chosen compaction parameters and grid spacing. The post-improvement 
(N1)60cs profile obtained from this simulation is shown in Figure 6-8. The simulation results 
indicate that the post-improvement (N1)60cs is higher than the minimum required (N1)60cs at all 
depths except for a weak layer from 7.5 to 9.0 m. This indicates that it would be appropriate to 
use the values for the weakest layer in the design to determine the compaction parameters and 
ascertain exceedance of minimum required post-improvement (N1)60cs profile. 
 
A reanalysis of this case assuming the weak layer from 7.5 to 9.0 m as governing the design 
ground improvement, the required compaction parameters were found to be WH= 750 Mg.m, 
NI=12, S=15m, Sw=1.0 m, and T=4 min.  
 
6.2.3 Design Example 3 
 
In this example, the soil deposit is a dense silty sand deposit having a weak layer in the vicinity 
of 6 to 12 m depth as shown in Figure 6-9. The fines content and the hydraulic conductivity for 
the silty sand layer are estimated to be about 25% and 10-7 m/s, respectively. The groundwater 
level is at 2.0 m. The minimum required (N1)60cs profile to resist liquefaction due to a design 
earthquake of magnitude M = 7.5 and peak horizontal accleration amax = 0.25g is also shown in 
Figure 6-9. Soil layer between depthes 6.0 and 12.0 m is liquefiable for the design earthquake. 
The average (N1)60cs for this liquefiable layer is 16.0. 
 
The post-improvement charts corresponding to (N1)60cs = 16 and k = 10-7 m/s were chosen from 
Section 5.5.2. The minimum required (N1)60cs profile to resist liquefaction obtained from the 
liquefaction potential analysis was overlaid on these charts. The charts which will provide post-
improvement (N1)60cs profile exceeding the minimum required (N1)60cs was chosen. This chart is 
shown in Figure 6-10.  
 

0
2
4
6
8

10
12
14
16

0 10 20 30 40
(N1)60cs

de
pt

h 
(m

)

Pre
Avg.  Pre
Min. Req.

0
2
4
6
8

10
12
14
16

0 10 20 30 40
(N1)60cs

de
pt

h 
(m

)

Pre
Post 750
Post 500
Post 260
Post 100
M in. Req.

0
2
4
6
8

10
12
14
16

0 10 20 30 40

(N1)60cs

de
pt

h 
(m

)

Min Req
Pre
Post-DC

 
Figure 6-9. Pre- and Required (N1)60cs   Figure 6-10. Design chart     Figure 6-11. Simulation Results  

                                                            (k=10-7m/s, Pre-(N1)60cs=7.5) 
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Based on Figures 6-9 and 6-10, the recommended liquefaction mitigation solution is to use 
dynamic compaction supplemented with wick drains with the following characteristics: impact 
grid pattern as shown in Figure 5-18; Grid spacing S = 15 m; Impact phases: primary, secondary 
and tertiary completed row by row; Energy per impact (WH) = 410 Mg.m; Impact per grid 
location/phase (NI)= 12; Time cycle between impacts (T) = 4 min; wick drain spacing (Sw) = 1.0 
m; and wick drain equivalent diameter = 5 cm. Figure 6-11 shows the post-improvement (N1)60cs 
profile based on numerical simulation using the actual pre-improvement (N1)60cs profile. The 
post-improvement (N1)60cs exceeds the required minimum values at all depths. 
 
6.2.4 Summary  
 
The design process shown in Figure 6-1 for the selection of field dynamic compaction 
parameters involves the following steps: 

o Choosing design chart sets corresponding to the average pre-improvement (N1)60cs of the 
liquefiable layer and deposit’s hydraulic conductivity, and fines content. 

o Starting with, as an optimal choice (least cost operational parameters), S = 15.0 m, Sw = 
1.5 m, NI = 8, and T = 2 min. 

o Overlaying the minimum required (N1)60cs profile, concluded from the liquefaction 
assessment study of the site due to the design earthquake, on the relevant design chart. 

o Determining the maximum depth of liquefaction mitigation for different impact energies 
and defining the final design operational parameters. 

o In case the design depth depicted from design chart did not cover the required depth of 
liquefaction mitigation, repeat the process with charts of higher NI and/or T, or smaller Sw 
and/or S. 

 
If the required depth of liquefaction mitigation was not achieved using any of the operational 
parameter combinations, a different improvement technique should be considered. 
 
6.3 Vibro-Stone Columns 
 
The post-improvement penetration resistance charts presented in Section 4.5 are directly 
applicable for loose saturated uniform silty sand deposits with: (i) pre-improvement (N1)60cs 
values of up to 20; (ii) energy rating of the vibratory probe of 120 kW operating at 50 Hz; (iii) 
vibro-stone columns and wick drains installed in a triangular pattern as shown in Figure 6-1; and 
(iv) vibro-stone column diameter of about 0.9 m. The size of the wick drains was assumed to be 
100 mm x 5 mm with an equivalent diameter of 5 cm. The charts were developed for a range of 
hydraulic conductivities from 10-4 m/s to 10-8 m/s. In all cases, (N1)60cs is related to (N1)60 and 
fines content by the relationship presented in Section 3.5.  
 
This section presents a few examples on the use of these charts for liquefaction mitigation, for 
similar soil profiles chosen in the examples for DC. Figure 6-12 presents a flowchart describing 
the use of these post-improvement penetration charts. 
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Note: (N1)60cs,req  = minimum (N1)60cs profile required to mitigate liquefaction at the site, obtained using a liquefaction potential 
analysis; pre-(N1)60cs = average pre-improvement (N1)60cs for the liquefiable layer at the design site; post-(N1)60cs = (N1)60cs,des. 
average post-improvement (N1)60cs for the liquefiable layer at the design site obtained from the chart; chart = Figures4-6 and 4-7. 

Figure 6-12.  SC Design Flowchart 

As shown in Figure 6-12, the design process for selection of field design parameters involves: 
o Choosing design charts set corresponding to the defined site-specific conditions from soil 

investigations of the deposit under treatment (average pre-improvement (N1)60cs of the 
liquefiable layer and the deposit’s hydraulic conductivity, and fines content).  

o Starting as an optimal choice with SC without wick drains, and considering an area 
replacement ratio of 5.6 %, use the deposit’s hydraulic conductivity to find the 
corresponding post-densification (N1)60cs. 

o If the post-densification (N1)60cs is found to be lower than the required (N1)60cs, use a chart 
with a higher area replacement ratio Ar. 

o In case the post-densification (N1)60cs still did not satisfy the minimum required, use 
curves corresponding to SC with wick drains starting with lower Ar; if required, repeat 
the process with a higher Ar. 

 
6.3.1 Design Example 1 
 
In this design example, a 13.0 m deep saturated loose silty sand site with pre-improvement 
(N1)60cs shown in Figure 6-13 is considered. The groundwater level is at a depth of 2.0 m. Based 
on SPT based liquefaction potential analysis (Youd et al. 2001), the minimum required (N1)60cs 
profile to resist liquefaction for a design earthquake of M = 7.5 and amax = 0.25g is also shown in 
Figure 6-13. The soil layer from 2 m up to a depth of about 12 m is liquefiable for the design 
earthquake. The average (N1)60cs for this liquefiable layer is about 7. The fines content and the 
hydraulic conductivity are 25% and 10-7 m/s, respectively.  

  Choose charts set for deposit pre-(N1)60cs Start with SC  alone  
 
 Consider trial  Ar of 5.6 %  
 
 Enter chart with k (m/s)  Find post -(N1)60cs 
 
 
 (N1)60cs des 

    (N 1)60cs  req 
 
 
 Increase Ar 
 
 
 Ar is practical?

 
 
 Use SC with wick drains  

Consider another technique
 

 Print final design parameters  Wicks, Ar , SC diameter, spacing  

  

  

  

Yes  

No 

  
No 

Yes  

  

 ≥
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Figure 6-13.  Pre- and Required (N1)60cs Profile  Figure 6-14.  Post-improvement (N1)60cs Chart 

 
Based on the design flowchart shown in Figure 6-12, the design charts corresponding to a pre-
improvement (N1)60cs= 7 were chosen from Section.4.5. Figure 6-13 indicates that the required 
minimum post-improvement (N1)60cs varies from about 13 to 23 for depths from 2 to 6 m and 
remain at about 23 below the depth of 6 m. The design chart shown in Figure 6-14 indicates that 
a vibro-stone column at a replacement ratio of 22.5% would yield post-improvement (N1)60cs of 
about 25. The recommended stone column diameter is 0.9 m at a center-to-center spacing of 1.8 
m. Wick drain with dimensions of 100 mm x 5 mm should be preinstalled at centers between 
each stone column. Although the SC diameter can be reduced (lower replacement ratio) at 
shallower depths, such fine tuning is not applied in general practice. 
 
6.3.2 Design Example 2 
 
A nonuniform (layered) 9.0 m silty sand deposit is considered in this example with fines content 
and hydraulic conductivity of 25% and 10-7 m/s, respectively. The groundwater level is at 1.0 m. 
A 1.0 m thick compacted granular working pad was constructed over the site as previously 
shown in Figure 6-5 (generally it is not required to make a working pad for SC construction; 
however, it is used to be consistent with the DC design examples), making the ground water a 
depth of 2.0 m below the working surface. The pre-improvement equivalent clean sand 
normalized SPT profile (N1)60cs is shown in Figure 6-15. The depth values shown in this figure 
refer to depth below the working surface. 
 
Based on liquefaction potential analysis using SPT procedures (Youd et al. 2001), the minimum 
required (N1)60cs profile to resist liquefaction at this site was estimated for a design earthquake of 
magnitude M = 7.5 and peak horizontal accleration amax = 0.25g. This minimum required (N1)60cs 
profile is also shown in Figure 6-15. Two layers located between depths of 2.0 m to 4.0 m and 
6.0 m to 10.0 m were found to be susceptible to liquefaction. The combined average (N1)60cs for 
these two layers is about 16.  
 
The post-improvement charts corresponding to (N1)60cs = 16 and k = 10-7 m/s were chosen from 
Section 4.5. Two SC configurations, with and without wick drains, can be selected for this site 
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based on the design charts shown in Figures 6-16a,b. For SC without wicks, an area replacement 
ratio of 22.5% would produce a post-improvement (N1)60cs of about 21 (Figure 6-16a), which is 
satisfactory for shallower depths up to 4 m. However, for 6 to 10 m depth, the replacement ratio 
should be slightly increased to about 28.0% (using extrapolation). The recommended stone 
column diameter is 1.0 m at a center-to-center spacing of 1.8 m. 
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Figure 6-15.  Pre- and Required (N1)60cs      Figure 6-16.  Post-improvement (N1)60cs Charts 
 
For SC with wicks, an area replacement ratio of 10.0% would produce a post-improvement 
(N1)60cs of about 21 (Figure 6-16b), which is satisfactory for shallower depths up to 4 m. 
However, for 6 to 10 m depth, the replacement ratio should be slightly increased to about 12.5% 
(using extrapolation). The recommended stone column diameter is 1.0 m at a center-to-center 
spacing of 2.7 m. Wick drains with dimensions of 100 mm x 5 mm should be preinstalled at 
centers between each stone column. Either system (SC with or without wicks) could be selected 
based on the cost and ease of construction considerations.  
 
6.3.3 Design Example 3 
 
In this example, the soil deposit is a dense silty sand deposit having a weak layer in the vicinity 
of 6 to 12 m depth as shown in Figure 6-17. The fines content and the hydraulic conductivity for 
the silty sand layer are estimated to be about 25% and 10-7 m/s, respectively. The groundwater 
level is at 2.0 m. The minimum required (N1)60cs profile to resist liquefaction due to a design 
earthquake of magnitude M = 7.5 and peak horizontal acceleration amax = 0.25g is also shown in 
Figure 6-17. Soil layer between depths 6.0 and 12.0 m is liquefiable for the design earthquake. 
The average (N1)60cs for this liquefiable layer is 16. 
 
The post-improvement charts relevant for this case are shown in Figures 6-18a and b. For SC 
without wick drains, 1.0 m diameter stone columns should be installed at 1.8 m spacing. 
However, improvement is needed only for depths from 6 to 12 m. Therefore, the SC diameter at 
shallower depths up to 6 m could be about 0.45 m (or equal to that of the hole created by the 
vibratory probe) for the purpose of extending the drainage path to the surface and for filling the 
cavity created by the probe. 
 

(b) (a) 
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Similarly, for SC with wick drains, SC diameter should be 1.0 m for depths ranging from 6 to 12 
m, and the spacing should be 2.7 m.  Wick drains with dimensions of 100 mm x 5 mm should be 
preinstalled at centers between each stone column. Either system (SC with or without wicks) 
could be selected based on the cost and ease of construction considerations. 
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Figure 6-17.  Pre- and Required (N1)60cs    Figure 6-18.  Post-improvement (N1)60cs Charts 
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CHAPTER 7 
CONCLUSIONS 

 
 
The geotechnical literature on soil densification techniques using dynamic compaction and 
vibro-stone columns to mitigate liquefaction hazards mainly depends on design guidelines based 
on previous case histories. Furthermore, these techniques and guidelines are primarily applicable 
to relatively clean sand deposits. The use of pre-installed wick drains during dynamic 
compaction and vibro-stone columns have been found to be beneficial in densifying non-plastic 
silty soil deposits using these techniques. However, no analytical technique has been available to 
study these techniques, and design dynamic compaction and vibro-stone column techniques to 
mitigate liquefaction at a site for a design earthquake, for both sands and non-plastic silty soils. 
The focus of this report was to develop a numerical simulation model to simulate dynamic 
compaction and vibro-stone column processes and quantify the changes in soil density during 
installation projects, and develop improved design guidelines for dynamic compaction or vibro-
stone column parameters to remediate liquefaction at a given site containing sands and non-
plastic silty soils. 
 
In this report, an analytical model for simulation of the performance of soil deposits during 
ground improvement projects, using energy principles governing soil liquefaction and soil 
densification by consolidation during dynamic compaction and stone column installation, has 
been developed. Simple attenuation relationships were used to estimate the energy dissipated in 
the soil. Experimental data based on energy principles was used to estimate the pore pressures 
generated as a function of the energy dissipated in the soil. Coupled consolidation equations 
were used to simulate soil consolidation. Based on this analytical model, a rational design 
procedure was developed to determine the densification achievable using each technique, with or 
without supplemental wick drains, for liquefaction mitigation of loose sand and non-plastic silty 
soils. The design charts developed using this simulation model have been compared with data 
from instrumented field test and available case histories through collaboration with ground 
improvement industry partners. Stepwise design procedures and design examples are presented.  
 
The simulation models for soil densification using both dynamic compaction and vibro-stone 
column have been verified for both saturated loose sand deposits and non-plastic silty sand 
deposits using either case history records or instrumented field studies, in collaboration with 
ground improvement industry partners. The effects of site-specific soil conditions (soil density, 
penetration resistance, permeability, fines content) as well as dynamic compaction of vibro-stone 
column operational parameters on post-improvement density and penetration resistances, depths 
of improvements, etc. have been studied. Design charts and design guidelines for choosing 
dynamic compaction and vibro-stone column parameters for liquefaction mitigation have been 
developed, based on the simulation models. Design procedural flowcharts and design examples 
have been developed. These developments are hoped to advance the use of dynamic compaction 
and vibro stone columns to mitigate liquefaction potential in sand and non-plastic silty sand site 
in a more rational way. A summary of publications resulting from this work that contains details 
of the work presented herein are presented in Appendix A.  
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