
Chapter 1. Introduction 

 

1.1 Objective of Research 

The states-of-practice for performing earthquake liquefaction analyses and remedial 

ground densification designs have evolved relatively independent of each other.  This is 

in spite of the fact that liquefaction is typically induced in saturated sands as part of the 

remedial ground densification process.  The goal of this research is to assess the 

feasibility of using the vast amount of data collected over the years on earthquake 

induced liquefaction for remedial ground densification design via energy-based concepts.   

 

1.2 Background and Approach to Solution 

When subjected to vibrations, loose sand tends to compact and decrease in volume.  If the 

sand is saturated and drainage is prevented, or if the vibrations are rapid enough that 

drainage is unable to occur, this tendency for volume decrease results in the transfer of 

the effective overburden stress to the pore water (Martin et al. 1975).  Liquefaction, as 

referred to in this thesis, is condition when the excess pore pressure equals the initial 

effective overburden stress.  This phenomenon has occurred in almost all large 

earthquakes, with the most commonly observed manifestation being “sand boils” on the 

ground surface.  An example of a sand boil that occurred during the 1989 Loma Prieta 

earthquake on Bay Farm Island, Alameda, California is shown Figure 1-1.      
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Figure 1-1.  An example of a sand boil that occurred during the Loma Prieta earthquake. 
(Slide No. LPGeotech69, Loma Prieta Collection, Earthquake Engineering Research 
Center, University of California, Berkeley). 
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The destructive effects of liquefaction were fully realized in the aftermath of the 1964 

Anchorage, Alaska and Niigata, Japan earthquakes.  The most dramatic consequence of 

liquefaction during the Niigata earthquake was the overturning of intact structures, such 

as shown in the photograph by Professor Joseph Penzien presented in Figure 1-2.  More 

frequent than the bearing capacity failures shown in this figure is damage resulting from 

the differential settlement of buildings upon the dissipation of excess pore pressures 

subsequent to liquefaction (e.g., Ishihara and Yoshimine 1992).  

 

 

 

 

 

 

 

 

 

 

 Figure 1-2.  Photograph of intact structures overturned as a consequence of soil 
liquefaction during the 1964 Niigata, Japan earthquake.  (Slide No. S3160, 
Steinbrugge Collection, Earthquake Engineering Research Center, University of 
California, Berkeley). 

 

 

 

In the 1960’s numerous critical structures, such as nuclear power plants and large earth 

dams, were being designed and constructed in the United States.  The seriousness of 

potential failures of these facilities due to liquefaction led to massive research efforts 

aimed at understanding the liquefaction phenomena and developing procedures for 

evaluating its potential in the field.  The most widely used liquefaction evaluation method 

is the stress-based procedure first proposed by Seed and Idriss (1971) and Whitman 

(1971).  This procedure is mostly empirical and based on laboratory and field 

observations.  It has been continually refined as a result of newer studies and the increase 

in the number of liquefaction case histories (e.g., NRC 1985, NCEER 1997, Youd et al. 

2001).   
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Less commonly used is the strain-based liquefaction evaluation procedure proposed 

Dobry et al. (1982), which was derived from the mechanics of two interacting idealized 

sand grains and then generalized for natural soil deposits.  This approach is based on the 

premise that a threshold shear strain needs to be exceeded before the initiation of the 

transfer of the effective overburden stresses from the soil skeleton to the pore water.  One 

reason for its limited uses is that the procedure only predicts the exceedance of the 

threshold strain, which is required for liquefaction to occur, but does not imply that 

liquefaction will occur.    

 

Starting in the late 1970’s and early 1980’s, numerous energy-based liquefaction 

evaluation procedures have been proposed (e.g., Davis and Berrill 1982, Liang 1995, and 

Kayen and Mitchell 1997).  Even though the first energy-based procedures were 

proposed almost twenty years prior, just recently these procedures are being viewed as 

“an important new direction in analysis of liquefaction…” (NCEER 1997).  The use of 

energy to quantify the Capacity of systems subjected to earthquake loads is not unique to 

soils, but also has been applied to structural systems (e.g., Zahrah and Hall 1982, 

McCabe and Hall 1987, and Uang and Bertero 1988).  One impetus for use of energy-

based methods in earthquake design and analyses is that seismologists have long been 

quantifying the energy released during earthquakes, i.e., Demand, (e.g., Gutenberg and 

Richter 1956).  Accordingly, quantifying the Capacity of soil and structural systems in 

terms of energy was a logical step in the evolution of earthquake studies. 

 

Various techniques have been developed to mitigate the risk of liquefaction, including 

remedial ground densification by deep dynamic compaction, explosive compaction, and 

vibro-compaction.  All of these techniques involve imparting energy into the soil to 

breakdown the structure as a first step in the densification process.  When applied to 

saturated sands, a controlled liquefaction is induced, thus allowing the particles to 

rearrange to a denser packing concurrent with the dissipation of the excess pore pressures 

(Mitchell 1981).   
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The evolutionary process in the advancement of remedial ground densification techniques 

was concisely given by Greenwood (1991), from which the following is paraphrased.  

Soil improvement techniques have evolved in response to the need to solve a problem.  

The unknown, and often unsuspected, influences on and by the improvement techniques 

at the outset are too numerous to allow accurate theoretical prediction of the results in 

advance of full-scale trials.  Consequently, the techniques evolve empirically, often 

without a full understanding the physics of the process.  Equipment, once developed, may 

be applied in unsuitable circumstances, and this may lead to a reappraisal of its design 

and so on to further development.  Performance data and environmental influences are 

not always acquired systematically, and data, which are obtained, are often guarded as 

commercial secrets.  Accordingly, a well-developed theoretical understanding of a 

process rarely precedes its initial practical development.  Further improvement of 

remediation techniques and equipment often results from a more complete understanding 

of the physical processes, facilitated by knowledge gained from other areas of 

engineering and construction.   

 

In line with Greenwood’s statements, the goal of this thesis is to assess the applicability 

of knowledge gained from earthquake induced liquefaction and settlement to remedial 

ground densification design.  As stated above, several energy-based liquefaction 

evaluation procedures have been proposed, many of which use empirical correlations 

derived from earthquake case histories relating the energy required to induce liquefaction 

to the resistance of the soil, as measured by SPT penetration resistance, shear wave 

velocity, etc.  Such correlations are referred to herein as Capacity curves, and more 

specifically energy-based Capacity curves.  In applying the Capacity curves to remedial 

ground densification design, the energy required to induce liquefaction, as determined 

from the Capacity curve, is minimum energy required to be imparted to the soil by the 

various remediation techniques.  Because there are physical limits on the magnitude of 

the energy that can be imparted by a given technique, such an approach may lead to 

improved feasibility assessments and initial designs of the densification programs.    
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Because the frequency content, duration, and amplitude of earthquake motions differs 

from those induced by the remediation techniques, central to the feasibility of using 

Capacity curves in the design of ground densification programs is whether the Capacity 

of the soil, as quantified by some measure of energy, is dependent or independent of the 

characteristics of the applied loading.  And as a corollary, if the energy Capacity of the 

soil is load dependent, how sensitive is the dependency?  For example, is the dependency 

such that the Capacity curves can be used for designing vibro-compaction programs, but 

for not deep dynamic compaction and blast densification?  These questions are addressed 

herein.   

 

1.3 Organization of the Thesis 

This thesis consists of two parts: earthquake liquefaction evaluation and ground 

improvement, as depicted in Figure 1-3.  Chapters 2-6 make up Part I of the thesis and 

cover earthquake liquefaction evaluations.  Because the focus of the thesis is the 

application of knowledge gained from earthquakes to ground densification and not the 

development of a new energy-based liquefaction evaluation procedure, existing 

liquefaction evaluation procedures were first critically reviewed for possible use.  This 

review is presented in Chapter 2.   

 

Early in the literature review, it was realized that different measures of energy were used 

to quantify the Capacity of the soil (e.g., dissipated energy, Arias intensity).  

Additionally, even for a consistent measure of energy, the expressions used to compute 

the Capacity differed from study to study.  As a result, the fundamentals and 

mathematical representation of “energy” are reviewed in Chapter 3. 

 

Complementing energy-based liquefaction evaluation procedures are energy-based pore 

pressure generation models.  These models provide a basis for relating energy to soil 

Capacity, defined as the energy required to generate excess pore pressures equal to the 

initial effective overburden pressure.  Existing energy-based pore pressure models are 

reviewed in Chapter 4, and a new model is proposed.  In the review of the existing and 

proposed pore pressure generation models, attention is given to whether or not the 

 5



models’ calibration parameters are load dependent.  If the various models’ calibration 

parameters are independent of the loading, then it is likely that Capacity curve developed 

from earthquake case histories is also load independent, and therefore, applicable to the 

loads induced during remedial ground densification.    

 

Quantifying Capacity in terms of the cumulative energy dissipated in a unit volume of 

soil, normalized by the initial mean effective confining stress, up to the point of initial 

liquefaction, a new energy-based liquefaction evaluation procedure is proposed in 

Chapter 5.  From analyzing earthquake case histories, a Capacity curve is derived.  

Additionally, the field based Capacity curve is compared with normalized laboratory test 

data.     

 

Part II of the thesis covers ground improvement.  Chapter 7 reviews three remedial 

ground densification techniques: vibro-compaction, deep dynamic compaction, and 

explosive compaction.  Particular emphasis is placed on the mechanisms associated with 

the techniques that break down the soil structure, and therefore, induce liquefaction.  

Also, currently used empirical expressions and guidelines for designing densification 

programs are reviewed.   

 

In Chapter 8, first order numerical models for computing the spatial distribution of the 

energy dissipated in the soil during remedial densification are proposed.  In conjunction 

with the energy-based Capacity curve presented in Chapter 5, the first order models are 

used to predict the spatial extent of induced liquefaction by the three remediation 

techniques.  To assess the feasibility of using the energy-based earthquake Capacity 

curve in remedial densification design, the model predictions are compared with the 

currently used empirical expressions and guidelines.   

 

Finally, a summary of research findings and conclusions are given in Chapter 9. 

 

Although slightly deviating from the focus of the thesis, two peripheral topics are covered 

in Appendix 5c and Chapter 6.  Energy-based magnitude scaling factors (MSF) for use 
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with the existing stress-based liquefaction evaluation procedure are proposed in 

Appendix 5c.  The proposed MSF are a natural extension to a correlation developed as 

part of the proposed energy-based liquefaction evaluation procedure.  In Chapter 6, 

approaches are outlined for determining the seismological parameters required for using 

the proposed energy-based liquefaction evaluation for earthquakes.   
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Figure 1-3.  Organization of Thesis. 
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