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1.0 INTRODUCTION 

 

1.1 Statement of the Problem 

 

Liquefaction is a phenomenon marked by a rapid and dramatic loss of soil strength, which can 

occur in loose, saturated sand deposits subjected to earthquake motions.  Certain types of sand 

deposits, hydraulic fills, and mine tailings dams are particularly susceptible to liquefaction.  Liq-

uefaction susceptibility depends primarily on the geology, composition, density and stress state 

of a formation (Seed and Idriss 1982, Kramer 1996).  Soil deposits formed in depositional envi-

ronments that produce uniformly graded, loose deposits are highly susceptible to liquefaction.  

Hydraulic fills and mine tailings dams are included in this category although humans construct 

them.  Additionally, soils less than 10,000 years old are more prone to liquefaction than older 

deposits.  Compositional factors that influence liquefaction susceptibility include particle size, 

shape and gradation.  Poorly-graded sands with rounded particles are more susceptible to lique-

faction than well-graded sands with angular particles. Finally, liquefaction susceptibility depends 

on the initial stress state and density of the soil.  Loose deposits that are close to the ground sur-

face and in the presence of a shallow groundwater table are highly susceptible to liquefaction.  

The low density and the lack of significant overburden pressure provide the combination of den-

sity and stress state necessary for liquefaction.  The shallow groundwater table is required be-

cause liquefaction only occurs in saturated soils. 

 

Loose, saturated sand deposits can liquefy when subjected to earthquake forces due to the fol-

lowing process.  The earthquake motions impart shearing forces to the soil mass.  The tendency 

of loose sand deposits is to decrease in volume when sheared.  The volume change can occur 

during shearing if the sands are dry.  However, if the sand is saturated, volume change can not 

occur until the water drains from the soil.  In the case of earthquake loading, the shearing is so 

rapid that drainage cannot occur, so the shear stresses are transferred to the pore water.  The pore 

water pressures build up during the earthquake loading, causing the effective stress and the 

strength of the sand to decrease.  When the effective stress equals the pore pressure, the strength 

drops to zero and initial liquefaction has been reached.  The onset of liquefaction is usually sud-

den and dramatic and can result in large deformations and settlements, floating of buried struc-
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tures, or loss of foundation support.  A detailed discussion is presented in Seed and Idriss (1982) 

and Kramer (1996). 

 

Lateral spreading is a related phenomenon characterized by lateral movement of intact soil 

blocks over shallow liquefied deposits.  Displacements caused by lateral spreading can range 

from minor to quite large.  Gently sloping areas along waterfronts are most susceptible to lateral 

spreading.  Bridges can be damaged significantly due to lateral spreading (Kramer 1996).  

 

At sites susceptible to liquefaction, the simplest way to mitigate the liquefaction risk is to densify 

the soil.  For large, open and undeveloped sites, the easiest and cheapest method of ground im-

provement is densification by “traditional” methods of ground improvement such as deep dy-

namic compaction, explosive compaction, or vibrocompaction.  Deep dynamic compaction con-

sists of repeated dropping of heavy weights from large heights to densify the soil.  In saturated 

soils, the impact of the weight causes liquefaction of the soil and subsequent rearrangement of 

the particles into a denser configuration. Explosive compaction is similar to deep dynamic com-

paction, but the energy comes from the detonation of explosives below the ground surface rather 

than the dropping of weights.  The basic mechanism is the same, however, in that the soil lique-

fies and the particles rearrange into a denser configuration.  Vibrocompaction methods use vi-

brating probes to densify the soil.  Typically, the probe is jetted into the ground and vibrated dur-

ing withdrawal.  The probe is inserted and withdrawn repeatedly, causing the soil to densify and 

a cavity to form at the surface.  The cavity is filled with sand or gravel to form a column of den-

sified soil.  

 

At constrained or developed sites, ground improvement by densification may not be possible due 

to the presence of structures sensitive to deformation or vibration.  Additionally, access to the 

site could be limited and normal site use activities could interfere with mitigation activities.  At 

these sites, the most common methods of ground improvement are grouting or underpinning. 

Types of grouting that can be used include permeation grouting or jet grouting.  In permeation 

grouting, the water in the pore spaces of a saturated soil is replaced with grout.  Jet grouting in-

volves the use of a high-pressure water jet to erode the native soil and mix or replace it with a 

stabilizer to form soil columns.  Underpinning uses mini-piles, which consist of steel reinforcing 



 3 

bars grouted into small diameter boreholes.  Both grouting and underpinning can be invasive and 

expensive. 

 

Passive site remediation is a new concept proposed for non-disruptive mitigation of developed 

sites susceptible to liquefaction.  Passive site remediation is based on the concept of the slow in-

jection of stabilizing materials at the up gradient edge of a site and delivery of the stabilizer to 

the target location using the natural groundwater flow.  The concept is illustrated in Figure 1-1.  

The set time of the stabilizer would be controlled so there would be adequate time for it to reach 

the desired location beneath the site prior to gelling, setting, or precipitating.  If the natural 

groundwater flow were inadequate to deliver the stabilizer to the right place at the right time, it 

could be augmented by use of low-head injection wells or downgradient extraction wells.  Once 

the stabilizer reached the desired location beneath the site, it would set, precipitate, or gel to sta-

bilize the formation.   

 

Passive site remediation techniques could have broad application for developed sites where more 

traditional methods of ground improvement are difficult or impossible to implement.  It would be 

less disruptive to existing infrastructure and facilities than existing ground improvement meth-

ods.  Additionally, access to the entire site would be unnecessary using this technology and nor-

mal site use activities would probably not need to be disrupted.  Finally, excessive deformation 

and disturbance of the ground around and beneath existing structures could be avoided.  The re-

search builds on background knowledge of soil stabilization and grouting, studies of pore pres-

sure plume migrations associated with soil liquefaction, and recent developments in contami-

nated site remediation.  Examples of recent developments in contaminated site remediation in-

clude the use of permeable reactive barriers, consideration of new types of barrier fluids, and use 

of electrokinetics or magnetic fluids to guide treatment materials to the contaminated zone. 

 

1.2 Scope of Research 

 

The objective of this research is to establish the feasibility of passive site remediation. The work 

includes identification of stabilizing materials, a study of how to adapt or design groundwater 
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flow patterns to deliver the stabilizers to the right place at the right time, and an evaluation of 

potential time requirements and costs.   

 

The following research tasks were identified: 

1. Determine time required for stabilizer to travel through a liquefiable formation. 

2. Establish performance criteria for potential stabilizers. 

3. Identify potentially suitable classes of materials.  

4. Evaluate potentially suitable materials based on the selected performance criteria. 

5. Investigate systems for delivery of stabilizers to target area. 

6. Perform bench-scale testing. 

7. Develop analytical methods to combine reaction rates, flow rates, and system geometry for 

site-specific treatment plans. 

8. Develop methods to evaluate the effectiveness of treatment, the time requirements, and the 

cost of treatment. 

 

The identification of suitable materials was initiated by a review of the literature and followed by 

a laboratory-testing program.  Groundwater modeling programs were identified and reviewed for 

use in analytical studies.  Parametric studies were performed to determine if there are conditions 

where existing groundwater flow patterns would be adequate to deliver stabilizers to the target 

area in a time frame compatible with the set time of the stabilizer.  For scenarios where the exist-

ing groundwater flow pattern would be inadequate, studies were performed to determine how to 

alter the natural flow regime to deliver stabilizers to the target area at the proper time using injec-

tion or extraction wells.  Results of the analytical studies were used to develop design guidelines.  

Preliminary evaluations of the time and cost requirements were also made. 
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Figure 1-1 Passive treatment for mitigation of liquefaction risk 
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2.0 PERFORMANCE CRITERIA 

 

Prior to identifying potentially suitable materials for use in passive site remediation, it was nec-

essary to establish performance criteria for an ideal stabilizing material.  The purpose of estab-

lishing performance criteria was to have a checklist for evaluating the suitability of materials.  

The factors affecting the suitability of materials include the time required for the stabilizer to 

travel through the formation, the viscosity of the stabilizer, the strength of stabilized formations, 

and other items such as durability, stability, permanence and cost.  These items are discussed be-

low.   

 

2.1 Performance Criteria for Potential Stabilizers 

 

The following criteria have been established for identifying potential stabilizers and evaluating 

their suitability: 

 

1. The stabilizer must be able to travel the necessary distance through the formation prior to 

gelling or reacting.  Therefore, it must have a low initial viscosity.  It should also have a long 

induction period, which is the time between mixing and gelation of the stabilizer.  Ideally, the 

viscosity should remain constant at a low value until immediately prior to gelling or reacting, 

as shown in Figure 2-1.  Then it should gel or react rapidly to form a firm gel, cement, or 

precipitate to bind the formation together.   

2. The stabilizer must have a gel time that is controllable and reproducible.  

3. The gelled stabilizer should be permanent for the life of the project, so it must be chemically 

and mechanically stable under typical site conditions.  

4. The stabilizer should not be adversely affected by interaction with the liquefiable formation.   

5. The stabilizer should present minimal safety, handling and mixing concerns so it can be de-

ployed without safety concerns for the workers. 

6. The stabilizer should present minimal environmental concerns since it will be in contact with 

flowing groundwater. 

7. The installation process should be cost-competitive with other methods of liquefaction reme-

diation that might be possible at the site. 
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While it is desirable that a stabilizer meets all of the above criteria, it is not likely that one exists.  

Therefore, the performance criteria have been categorized as “essential” or “desirable” as fol-

lows: 

 

Table 2-1 Performance Criteria for Stabilizer Candidates 

 

Criterion Essential Desirable 

Low initial viscosity x  

Slow evolution of viscosity x  

Gel or reacts rapidly  x 

Forms firm gel, cement, or precipitate x  

Long induction period x  

Controllable and reproducible gel time x  

Permanent  x  

Chemically stable x  

Mechanically stable x  

Stabilizer is compatible with formation x  

Minimal safety, handling, and mixing concerns  x 

Minimal environmental concerns  x 

Cost-competitive  x 

 

 

2.2 Time Required for Stabilizer to Travel through Liquefiable Formation  

 

The relationship between the time required for a stabilizer to travel through a formation and the 

viscosity is discussed in this section.  The time it will take for a stabilizer to flow through a lique-

fiable formation depends on the distance it has to travel and the velocity at which it travels,  

 

     t = x/vs       (2-1) 
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where  t = time 

 x = distance 

 vs = seepage velocity 

 

The seepage velocity depends on the fluid hydraulic conductivity and porosity of the formation, 

as well as the hydraulic gradient 

 

    vs = ki/n       (2-2) 

 

where  k = fluid hydraulic conductivity  

 i = hydraulic gradient 

 n = porosity 

 

The hydraulic gradient is the change in head over the distance traveled.  The porosity is the ratio 

of the volume of voids to the total volume.  The fluid hydraulic conductivity depends on the in-

trinsic permeability of the formation, the unit weight of the permeant, and the viscosity of the 

permeant, 

 

    k = K(γ/µ)       (2-3) 

 

where K = intrinsic permeability of formation 

 γ = unit weight of permeant 

 µ = viscosity of permeant 

 

Combining the above equations, the time required for a stabilizer to travel through a formation 

can be expressed as  

 

     
Ki
xnt

λ
µ=       (2-4) 
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Equation (2-4) demonstrates that the variables controlling the movement of fluid through a for-

mation are the viscosity and unit weight of the permeant.  The distance, hydraulic gradient, po-

rosity and intrinsic permeability will be constant for a specific site and constant groundwater 

flow regime.  Since the unit weight of different stabilizers is less variable than the viscosity, it is 

expected that the viscosity will be a major factor controlling stabilizer selection.  Because travel 

time varies linearly with viscosity, a tenfold increase in the viscosity of a stabilizer will cause a 

tenfold increase in the required travel time. 

 

The range of grain size distributions for sands considered most susceptible to liquefaction is 

shown in Figure 2-2 (Ishihara 1985). The range of hydraulic conductivity associated with these 

grain size distributions is 10-1 to 10-3 cm/s.  For this range of hydraulic conductivity and hydrau-

lic gradients in the range of 0.01 to 0.1, it will take 30 to 300 days for water to travel a distance 

of 200 feet.  Therefore, to deliver the stabilizer in a reasonable time in flow regimes with low 

hydraulic gradients, the viscosity of the stabilizer should be close to the viscosity of water.  A 

plot showing travel times for different combinations of hydraulic gradient and hydraulic conduc-

tivity is shown in Figure 2-3. 

 

2.3 Performance Criteria for Stabilized Formation 

 

The stabilized formation should meet certain performance criteria.  Liquefaction resistance is 

often evaluated using the simplified procedure developed by Seed and Idriss (1982) as modified 

and updated according to NCEER (1997).  This procedure evaluates liquefaction resistance 

based on the blow counts obtained from the standard penetration test or the cone resistance ob-

tained from the cone penetration test in comparison to the shear stresses induced by the earth-

quake.  If the blow counts for a formation fall on the “no liquefaction” side of liquefaction resis-

tance curves, the formation should not be susceptible to liquefaction (Figure 2-4).  Ground im-

provement is considered to be successful if the liquefaction resistance moves from the “liquefac-

tion” to the “no liquefaction” side of liquefaction resistance curves, as shown in Figure 2-4.   

 

However, the simplified procedure may not be suitable for evaluating the liquefaction resistance 

of grouted or cemented sands because there is little data available to correlate the effect of the 
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treatment on the blow counts or the cone resistance.  Another way to measure the success of 

treatment would be an evaluation of the collapse potential of the stabilized formation.  Undis-

turbed samples of treated material could be retrieved from the formation after treatment.  Labora-

tory tests could be performed to determine the liquefaction resistance of the treated formation.  

The laboratory tests would indicate the degree of improvement in the formation.  Loose sands 

undergo large deformations under cyclic loading, as shown in Figures 2-5 (b).  Dense sands un-

dergo much smaller deformations under cyclic loading, as shown in Figure 2-5 (c).  If the treated 

formation behaved like a dense material and underwent smaller deformations under similar load-

ing, the degree of improvement could be assessed. 

 

The strength of the soil after treatment could also be used to quantify the degree of improvement.  

For example, untreated sand has no unconfined compressive strength, while stabilized sand does.  

Static strength could be used as a measure of the improvement. 

 

2.4 Conclusion 

 

The performance criteria were developed to identify potentially suitable materials and delivery 

systems for passive site remediation.  The most important qualities in a suitable stabilizer are a 

low viscosity, a long induction period, and a slow evolution of viscosity.  Potentially suitable 

materials are discussed in Chapter 3. 
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Figure 2-1 Viscosity of an ideal grout 

V
is

co
si

ty
 

Time 



 12 

Figure 2-2 Grain size ranges for most liquefiable soils (After Ishihara 1985)
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Figure 2-3 Hydraulic conductivity versus time required to travel 200 feet (n=0.35)
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Figure 2-5 Cyclic triaxial behavior of loose and dense sands 


