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1. Purpose

The purpose of this Engineer Technical Letter (ETL) is to provide guidance on ground improvement for
USACE civil works and military programs projects. The enclosed document (Appendix A) contains an up-
to-date overview of ground improvement techniques and related considerations. It addresses general
evaluation of site and soil conditions, selection of improvement methods, preliminary cost estimating,
design, construction, and performance evaluation for ground improvement. This document should be used
as a resource during planning, design, and construction for new projects as well as a reference to guide
more detailed design efforts for modification of our aging inventory of existing projects, particularly
embankment dams. The use of such state-of-the-practice techniques is in keeping with good engineering
practice and provides better service to our customers in concert with the USACE Strategic Vision.

2. Applicability

This ETL applies to all USACE Commands having civil works and military programs responsibilities.

3. Distribution

Approved for public release, distribution is unlimited.

4. Background

Ground improvement, in the context of this guidance, is the modification of existing site
foundation soils or project earth structures to provide better performance under design and/or
operational loading conditions. Ground improvement techniques are used increasingly for new
projects to allow utilization of sites with poor subsurface conditions and to allow design and
construction of needed projects despite poor subsurface conditions which formerly would have
rendered the project economically unjustifiable or technically not feasible. More importantly, such
techniques are used to permit continued safe and efficient operation of existing projects
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when major deficiencies become evident or where existing projects are likely to be subjected to
loads greater than original design or as-built capabilities.

(T G

CARL F. ENSON
Chief, Engineering Division
Directorate of Civil Works

FOR THE COMMANDER:
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CHAPTER 1
INTRODUCTION

The purpose of this document is to provide engineering guidelines for ground improve-
ment for the U.S. Army Corps of Engineers’ structures and facilities. It includes essential
elements needed for (1) general evaluation of site and soil conditions, (2) selection of
improvement methods, (3) preliminary cost estimating, (4) design, (5) construction and
(6) performance evaluation for ground improvement. The facilities covered include dams
and their appurtenant structures, levees, locks, waterways, structures and tanks, dredged
material containment structures, airfields, roadways, buildings, and other special-purpose

structures.

The focus of the document is on practical application of recent and rapidly developing
methods of ground improvement. Ground improvement for both new and existing structures
and facilities is considered. Ground modification for seismic remediation and for correction
of hydraulic deficiencies of existing dams and levees are major considerations because of the

current COE emphasis on these projects.

There is special focus on how to select, design, specify, and evaluate ground improvement
for specific purposes. Guidelines are given for determination if ground improvement is
necessary, the level of improvement needed, the magnitude of improvement attainable by
different methods, the required depth and areal extent of treatment, configuration of treatment
zones, and methods for assessing the effectiveness of treatment. Methods for analysis of

stability and deformation under static and dynamic loading are outlined.

Many potential applications of ground improvement for structures are given in Table 1. The
table is organized according to types of facilities and their components. Levees are included
as a separate category because, while they are similar in some ways to dams, many levees
have been constructed of poor quality materials, without careful design or construction

control, and in stages over long periods of time.

1
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Although this document contains recommendations, flow charts, and suggested proce-
dures, it is not intended to be a design manual. Rather, its purposes are to identify key
considerations for use of ground improvement, to suggest logical paths forward in a proj-
ect, to provide guidance for design and construction, and to identify sources of useful in-

formation.
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CHAPTER 2
IS GROUND IMPROVEMENT NECESSARY?

A number of analyses and decisions may be required to determine if ground improvement
is necessary. A series 6f flow charts to aid in this process are listed in Table 2 and in-
cluded as Figures 1 through 26. Each level of analysis, which is represented by a single
chart or a series of charts, requires progressively more detailed information. Figure 1
shows the overall evaluation process necessary to assess the need for ground improvement
for a facility. Figure 2 can be used for a preliminary evaluation of site conditions and de-
sign/performance requirements. If, based on the results of the preliminary evaluation,
more detailed analyses are required, Figures 3 through 8 are used. These charts include
evaluations for difficult soils, liquefaction potential, slope stability, bearing capacity and
settlement, and seepage instability. “Difficult soils” include collapsing soils, expansive
soils, sensitive clays and dispersive clays. These soil types are discussed below under the
heading “Difficult Soils Evaluation.” The evaluations for difficult soils, bearing capacity

and settlement, and seepage instability are complete after this step.

A further level of analysis could be required for liquefaction and slope stability evalug-
tions. These analyses are performed to estimate deformations for situations where the
factor of safety is inadequate. The steps necessary for gross deformation estimates are
shown in Figures 9 and 10, while the procedure for refined deformation estimates is shown
in Figure 11. Methods for determination of the properties and parameters listed in Figures
2 through 11 are described in Figures 12 through 26.

Preliminary Evaluation

The preliminary evaluation (Figure 2) can be performed for new or existing facilities. For

the preliminary evaluation, project performance requirements need definition and site




ETL 1110-1-185
1 Feb 99

characterization must be completed. The project performance requirements that pertain to
the potential need for ground improvement include loading conditions and allowable de-
formations for the facility, as well as an assessment of the impacts of natural hazards, such
as floods, earthquakes or hurricanes, and the performance required during these events.
For a new facility, the performance requirements should be determined during the early
stages of analysis and design. For an existing facility, the performance requirements may
be the result of an upgrade in the facility or deficiencies requiring remedial work to im-
prove performance during a flood or an earthquake. In addition, re-evaluations of haz-
ards, such as earthquake magnitude, peak flood and sustained wind velocity, often lead to

increased demands on structures and facilities so that retrofitting is required.

The site characterization step includes investigations to evaluate the soil profile, ground
water levels and soil properties. New projects will likely require a detailed geotechnical
investigation or series of investigations to obtain the information necessary to make
ground improvement decisions. Guidelines for planning these studies are presented in EM
1110-1-1804, Geotechnical Investigations. The geotechnical investigations can be per-
formed in stages, beginning with a preliminary subsurface investigation and proceeding to
more detailed investigations as more specific and detailed information is required.

At existing facilities, old records, such as geotechnical investigation reports and boring
logs, may provide sufficient information to make decisions regarding the need for ground
improvement. However, it is likely that supplemental information or investigations will be
necessary. Additional geotechnical investigations should be performed in accordance with
EM 1110-1-1804.

All available information should be used to aid in the decision-making process. Regional
geologic references can be consulted for general information about the soil composition,
fabric and structure. Experience with similar soils or nearby sites can be used to provide
guidance regarding the performance of a soil and the need for ground improvement.

Boring log data from adjacent properties can provide information about the stratigraphy
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and ground water conditions in the immediate vicinity of the site. Assessment methods for

design/performance requirements and subsurface conditions are presented in Figures 12

‘through 16.

The information on the subsurface conditions should be used in conjunction with the proj-
ect performance requirementé to make a series of decisions regarding the need for further
analysis. Further analysis is required if there is evidence of any of the following:

1. difficult soils, such as expansive or collapsing soil and sensitive or dispersive
clay;
potential for liquefaction;
potential for slope instability;

inadequate bearing capacity or excessive settlement; and,

“mos v N

potential for excess seepage, high uplift pressures, or erosion and piping.

The flow chart in Figure 2 reﬁuires a “Yes” or “No” answer for each of the five items
listed above. If the answer to one or more of the decisions is “Yes,” then an additional
evaluation for each item with a “Yes” response should be performed before a decision can
be made regarding the need for ground improvement (or alternative corrective action).
The additional evaluations are discussed below. If the answer to every one of the five de-

cisions is “No,” then ground improvement is not required and further evaluation is not

necessary.
Difficult Soils Evaluation

Difficult soils are considered to be collapsing soils (e.g. loess, mud and debris flow depos-
its, hydraulic fills and tailings deposits), expansive soils, sensitive clays and dispersive
clays. Collapsing soil deposits have a loose, collapsible structure. When saturated and
disturbed, collapsing soils can undergo large decreases in volume or liquefy with sudden
foss of strength. Expansive soils can also experience extreme volume changes, but for

different reasons. While the low density soil structure is the primary reason for volume
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change in collapsing soils, soil composition is the usual culprit in expansive soils. Most
expansive soils contain smectite clays such as montmorillonite or bentonite. In the pres-
ence of water, these clays attract free water and swell; in the absence of water, the clays

release free water and shrink. A detailed discussion of expansive soils is provided in Wray
(1995).

Sensitive clays lose undrained sfrength when remolded. Sensitivity can be formed by a
variety of factors, including metastable fabric, cementation, leaching, weathering, thixo-
tropic hardening, and formation or addition of dispersing agents. Dispersive clays are
highly erodible because the clay particle associations are structurally unstable and easily
dispersed. The individual particles will spontaneously detach from each other and go into

suspension in quiet water.

The steps necessary for difficult soils evaluation are listed in Figures 3 and 4. Assessment
methods for soil state parameters are shown in Figure 17. If difficult soils are present at a
site, the need for remedial action depends on the type of facility under consideration. Dis-
persive clays are a threat to dams and levees because they can initiate erosion and piping
through the embankment or foundation that may lead to failure. Numerous canals in the
west and southwest are constructed in collapsing soils or dispersive clay. Sensitive clays
can be a concern for natural slopes. Collapsing and expansive soils may be more of a con-
cern for structures with footings that could be exposed to water. Engineering judgment is
required to make the final determination as to whether improvement of difficult soils is
required.

Liquefaction Evaluation

Loose, saturated sands are susceptible to liquefaction or lateral spreading if subjected to
earthquake motion. The development of excess pore water pressures and the subsequent

loss of soil strength associated with liquefaction can result in ground settlement, lateral




ETL 1110-1-185
1Feb 99

spreading, and/or loss of foundation support. The potential liquefaction hazards at a site
can be evaluated by considering the following questions:

1. Is the soil susceptible to liquefaction?

2. Ifthe soil is susceptible, will liquefaction be triggered?

3. Ifliquefaction is triggered, will damage occur?

Figure 2 can be used to address the first question. If the answer to the liquefaction ques-
tion in Figure 2 is “No,” it can be concluded that a liquefaction hazard does not exist. If
the answer to the liquefactioﬂ question in Figure 2 is “Yes,” Figure 5 can be used to
evaluate the liquefaction potential, which will address the second question. If the factor of
safety against liquefaction is above 1.5 and the anticipated settlement is less than half the
allowable amount, ground improvement is not required and the liquefaction analysis is
complete. If the factor of safety against liquefaction is less than one and the anticipated
settlement is more than twice the allowable amount, liquefaction will likely be triggered
and the anticipated deformati.ons may be too high. Ground improvement or other mitiga-
tion methods will be required. If the resuits of the analysis are between these limits, gross
deformation estimates, which are outlined in Figure 9, are necessary before ground im-

provement decisions can be made.

The gross deformation estimates involve calculations to determine a bearing capacity fac-
tor of safety and the amount. of settlement and lateral deformation anticipated. If the
bearing capacity safety factor is greater than 1.2, and the anticipated settlement and lateral
deformation are less than half the allowable vertical and horizontal movement, respec-
tively, ground iinprovement is not required and the liquefaction analysis is complete. If
the bearing capacity factor of safety is less than 0.8 or the anticipated settlement or lateral
deformation is more than twice the allowable vertical or horizontal movement, respec-
tively, it is likely that liquefaction will be triggered and the anticipated deformations will
probably be too high. Ground improvement or other mitigation methods will be required.
For major projects, if the results are between these limits, a refined deformation estimate

may be warranted before ground improvement decisions can be made. The parameter as-

10
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sessment methods required for the gross deformation estimates are summarized in Figure
22

The refined deformation estimates require that settlement and lateral spreading be calcu-
lated using a dynamic deformation analysis. Figure 11 is a flowchart which outlines the
steps necessary for a refined deformation analysis. Assessment methods for the parame-
ters necessary for the refined deformation estimates are shown in Figures 24 through 26.
If the results of the deformation analysis indicate that the anticipated lateral deformation or
settlement are more than two-thirds the allowable, ground improvement or other mitiga-
tion methods will be required. Otherwise, ground improvement is not required. The lig-
uefaction analysis is complete after this step.

Stability Evaluation

For dams, levees and slopes, stability evaluations will usually be required. The most
common method for stability evaluation is a limit equilibrium analysis. Factors which must
be considered in the analysis include static loading conditions, earthquake loading, soil and
rock parameters, and site conditions. Figure 6 is a flowchart which outlines the factors
and parameters required to perform a limit equilibrium stability analysis. Limit equilibrium
slope stability analysis are discussed in EM-1110-2-1902, Stability of Earth and Rockill
Dams. Methods for assessing the parameters necessary for slope stability analyses are dis-

cussed in that manual. Parameter assessment methods are also summarized in Figure 20.

If the site is located in a seismically active area, a pseudostatic limit equilibrium analysis is
the simplest and usually the first type of analysis used to consider the effects of seismi-
cally-induced motions. In a 'pseudostatic analysis, the earthquake shaking is represented
by horizontal and vertical inertial forces applied at the centroid of the failure mass
(Kramer, 1996). These forces, called pseudostatic forces, are calculated by multiplying
the weight of the failure mass by vertical and horizontal pseudostatic coefficients. The

effect of the pseudostatic forces on the factor of safety is then determined in a limit equi-

11
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librium analysis. If the analysis results in a pseudostatic factor of safety less than that re-
quired for the particular facility, which is often 1.0, the slope is considered to be unstable.
The vertical inertial forces usually have a negligible effect on the calculated factor of safety

and are often ignored in the analysis.

The most important factor in performing a pseudostatic analysis is selection of the appro-
priate pseudostatic coefficient. The selection of the coefficient should be related to the
anticipated ground motion in some way, because it controls the additional force applied to
the failure mass. The value .selected is often significantly less than the peak acceleration
for two reasons. First, the duration of the peak acceleration is usually short. Also, apply-
ing an inertial force equal to the product of the horizontal acceleration and the potential
sliding mass would be appropriate only for a rigid material. Since the slope can deform
under earthquake loading, the applied force will be smaller than this (Kramer, 1996).

In selecting a pseudostatic coefficient for design, Kramer (1996) recommends that the
coefficient correspond to some fraction of the anticipated peak acceleration. Since the
pseudostatic method was first used, many studies have been performed to evaluate appro-
priate values for the pseudostatic coefficient (e.g. Terzaghi, 1950, Seed, 1979a, Marcu-
son, 1981). Several of these studies are reviewed in Kramer (1996).

Hynes-Griffin and Franklin (1984) applied the Newmark sliding block analysis (Newmark,
1965) to over 350 accelerograms to predict permanent deformations using a yield accel-
eration and assuming a rigid slope material. The yield acceleration depends on the soil
properties and the geometry of the slope. When the induced acceleration is greater than
the yield acceleration, permanent deformation occurs along the failure plane. Hynes-
Griffin and Franklin (1984) determined that “dangerously large” deformations would not
develop in earth dams if the pseudostatic factors of safety is greater than 1.0 using ka= 0.5
am/g. Kramer (1996) suggests that this criterion should be appropriate for most slopes,

although engineering judgment is necessary in all cases.
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If the factor of safety is found to be inadequate using the pseudostatic method, a detailed
deformation analysis is required. A simplified method for estimating earthquake-induced
deformations for dams and embankments was developed by Makdisi and Seed (1978).
The method is based on the Newmark sliding block analysis, but accounts for the dynamic
behavior of the embankment rather thaﬁ assuming rigid body behavior. The method
makes several simplifying assumptions, including: (1) failure occurs on a well-defined slip
surface, (2) the soil behaves elastically at stress levels below failure, and (3) the soil be-
haves plastically at stress levels above the yield stress. The earthquake-induced accelera-
tions are represented by average time histories calculated using dynamic response analy-

Ses.

The factors and parameters required to perform gross deformation estimates by the Mak-
disi-Seed method are outlined in Figure 10. The earthquake parameters required for the
analysis are shown in Figure 15, while thé soil parameters required are shown in Figure
23. Note that the procedure was developed for dams and embankments. Therefore, if it is
used for other types of slopes, the results should be interpreted with caution.

If the results of the gross deformation analysis indicate that the anticipated displacement is
tolerable, ground improvement is not required and the stability analysis is complete.
However, if the anticipated displacement is greater than the allowable displacement, a re-
fined deformation analysis will be required before ground improvement decisions can be
made. The procedure for performing a refined deformation analysis was discussed above

under the heading “Liquefaction Evaluation.”

Bearing Capacity and Settlement Evaluation

For a new structure, a bearing capacity and settlement evaluation can be performed to de-
termine if adequate bearing capacity is available and if estimated settlements will be in the

permissible range. If the results of the evaluation indicate that the bearing capacity may be

too low or that excessive settlements are likely, ground improvement may be one way to
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solve the problem. For the case of a lightly loaded structure placed on a cohesive “crust”
over a liquefiable layer, a simplified procedure has been developed by Naesgaard et al.
(1998) to determine the factor of safety against bearing failure and to estimate the defor-
mation of the foundation after liquefaction. If the factor of safety against bearing failure is
adequate and the anticipated settlements are tolerable, it may not be necessary to improve
the liquefiable layer. For existing facilities, if excessive settlement has occurred or there is
evidence that the bearing capacity may be inadequate, ground improvement may be a suit-
able remedial measure. The procedures for the bearing capacity and settlement evaluation
are outlined in Figure 7. The parameter assessment methods required for the evaluation

are summarized in Figure 20.
Seepage Evaluation

A seepage evaluation will be required for all dams and levees. Ground improvement
methods may have applications if the seepage quantity or uplift pressures are too high, or
if the factor of safety against erosion and piping is too low. Figure 8 is a flow chart which
outlines the factors and parameters necessary to perform the seepage evaluation. Assess-

ment methods for the factors and parameters listed in Figure 8 are summarized in Figure
21.

14




ETL 1110-1-185

1 Feb 99

Table 2 - Flow Charts for Determination of the Need for Ground Improvement

Figure Title Page

1 Evaluation of Site Conditions and Design/Performance 17
Requirements to Assess Need for Ground Improvement

2 Preliminary Evaluation of Site-Conditions and Design/Performance 18
Requirements

3 Difficult Soils Evaluation — Collapsing or Expansive Soils 20

4 Difficult Soils Evaluation — Sensitive or Dispersive Clay 21

5 Evaluation of Liquefaction Potential 22

6 Slope Stability Evaluation 24

7 Bearing Capacity and Settlement Evaluation 25

8 Seepage Evaluation 26

9 Evaluation of Liquefaction Potential — Gross Deformation Estimates 27

10 | Slope Stability Evaluation — Gross Deformation Estimates 29

11 Refined Deformation Estimates for Liquefaction and Slope Stability 30
Evaluations

12 Assessment Methods for Soil Classification and Experience 32
Parameters for Preliminary Evaluation of Site Conditions and
Design/Performance Requirements

13 | Assessment Methods for Boundary Condition Parameters for 33
Preliminary Evaluation of Site Conditions and Design/Performance
Requirements

14 | Assessment Methods for Loading Conditions and Settlement 34
Parameters for Preliminary Evaluation of Site Conditions and

, Design/Performance Requirements

16 | Assessment Methods for Earthquake Characteristic Parameters for 35
Preliminary Evaluation of Site Conditions and Desigr/Performance
Requirements

16 | Assessment Methods for Flood Parameters for Preliminary 36
Evaluation of Site Conditions and Design/Performance
Requirements

17 Assessment Methods for Soil State Parameters for Difficult Soils, 37
Slope Stability, and Seepage Evaluations

18 | Assessment Methods for Earthquake Loading and Liquefaction 38
Resistance Parameters for Evaluation of Liquefaction Potential

19 [ Assessment Methods for Strength Properties for Slope Stability and 39
Bearing Capacity Evaluation

20 | Parameter Assessment Methods for Slope Stability, Bearing 40
Capacity and Settiement Evaluations

21 Parameter Assessment Methods for Seepage Evaluation 41

22 Parameter Assessment Methods for Evaluation of Liquefaction 42
Potential - Gross Deformation Estimates
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Table 2 (cont.) - Flow Charts for Determination of the Need for Ground
Improvement
_Figure : Title Page
23 Assessment Methods for Soil Parameters for Slope Stability 43
Evaluation — Gross Deformation Estimates
24 | Assessment Methods for Earthquake Loading and Stress State 44

Properties for Refined Deformation Estimates for Liquefaction and
Slope Stability Evaluations

25 | Assessment Methods for Strength Properties for Refined 45
Deformation Estimates for Liquefaction and Slope Stability
Evaluations ,

26 | Assessment Methods for Stiffness and Recompression Properties 46

for Refined Deformation Estimates for Liquefaction and Slope

Stability Evaluations
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PRELIMINARY EVALUATION OF SITE
CONDITIONS AND DESIGN/PERFORMANCE
REQUIREMENTS

A A A 4

A
DIFFICULT | |EVALUATIONOF| |' oo pu ity | | BEARING CAPACITY AND | | SEEPAGE

SOILS LIQUEFACTION
evatuanion] | POTENTIAL | |EVALUATION | |SETTLEMENT EVALUATION| |EVALUATION

A

GROSS
DEFORMATION
ESTIMATES

REFINED
DEFORMATION
ESTIMATES

y

(. sor )

Notes:

1. The factors, relevant parameters, analytical methods, and decisions for each step
are given in Figures 2 through 11.

FIGURE 1 Evaluation of Site Conditions and Design/Performance
Requirements to Assess Need for Ground improvement
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Are there conditions present
where ground improvement might ‘
be required?
h 4 \
Subsurface Design/
Conditions Performance
Requirements
FACTORS
; $ 4
Resistance
. . Boundary Loading Settlement
Classification| | Experience Conditions Conditions Limits to Natural
|PARAMETERS'|
A A h 4 v A 4
-Plasticity -Past -Soll stratigraphy -Static loading | | -Total Flood
-Graln size performance -Presence of low/ | |-Dynamic settiement parameters
-Geology and known high permeability loading -Differential -Earthquake
properties of layers seftlement parameters
soll -Groundwater -Other hazard
levels parameters
-Geometry ]
ANALYSIS ]
-Determine soil types using -Compare design and
classification charts performance requirements
-Review and evaluate available to anticipated design and
performance data performance behavior for
-Compute anticipated design and specific site conditions
performance behavior for specific
site conditions
v
* o <
Is there evidence of ves | piticutt

expansive soll, collapsing
soll, sensitive clay or
dispersive clay?

solls
evaluation

NO

F 3

CONTINU

1. Assessment methods for parameters are given in Figures 12 through 16.

FIGURE 2 Preliminary Evaluation of Site Conditions and
Design/Performance Requirements

Notes:
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YES
is the site susceptible to ‘ ligur::::ttn
liquefaction ? potential
NO
Evaluate YES Is the site .
‘ susceptible to slope <
stabllity
instability?
NO
Is the site susceptible YES Evaluate
> to bearing capacity or ca:::g; ?md
settlement problems? settlement
NO
YES
Evaluate is the site .
seepage susceptible to seepage «
conditions _ problems?
NO

Further analysis
required

Does "Yes" answer
apply to any decision?

Ground improvement
not required

FIGURE 2 continued
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{s there evidence of
\ collapsing or expansive soil?
- |

r

| Collapsing Soii | Expansive Soil

Soil structure FACTORS -Compositional factors: types of minerals &
-Grain size L———I cations, amount of each mineral, shape & size

distribution of particles, pore water
composition
-Environmental factors: water content, density,
confining pressure, temperature, fabric,
availability of water

] !

-Soil state, i.e. | PARAMETERS | -Plasticity
density, volid ratio* mzf'&y
-Plastici -
St -Swelling/shrinkage potential |

v L 4
-Determine void ratio needed to I ANALYSIS I -Use simple correlations to determine [
hold liquid limit water content there is potential for swelling’
-Determine collapse potential (CP) if soll Is prone to swelling, perform swell
per Clemence and Finbarr, 1981 tests on undisturbed samples with
appropriate conditions of confinement and
water chemistry

is
void ratio

larger than
needed to hold the liquid Is there |
limit water content or does evidence that the sol
CP suggest Is expansive?

collapsible
solils?

Is Is the

the facllity Ground fzu:llltyl
susceptible to susceptible to
damage due to improvement damage due to

not required expansive

collapsing e
solls

solls?

, Ground \
improvement j<¢

\ required }
Notes:

1. See Figure 17 for assessment methods for soil state parameters.
2. Activity, A = (Plasticity Index)/(Percent clay)

Percent clay, C = Percent by weight of particles finer than 2 microns
3. Two correlations are discussed in Mitchell (1993), pp. 186-187

FIGURE 3 Difficult Soils Evaluation - Collapsing or Expansive Soils
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Is there evidence of sensitive
clay or dispersive clay?
: |
I Sensitive Clay I ‘ Dispersive Clay
N N Chemical/mineralogical composition
_g:rt:;t‘at:tliz:‘abnc FACTORS -Soll state, i.e. water content, density,
s structure
_%ﬁ:g‘:;gg’ﬁg::ﬁg:’ lon exchange -Chemistry of water to which clay will
-Formation or addition of dispersing agents be exposed
¥
Sensitivity ! : | PARAMETERS | | -Dispersivity
-Sodium adsorption ratio (SAR)
-Exchangeable sodium percentage (ESP)
-Evaluate sensitivity fro , ANALYSIS 2
1. unconfined -Evaluate dispersivity

-Evaluate SAR and ESP?

compression test
2. vane shear test

Do the
pinhole or crumb
tests indicate dispersive

is there evidence °'3'Y‘7
th:te?\‘:l:\}:y? ‘s {s the dispersion ratio from the
CS dispersion test > 207,
. OR
is ESP > 2?

sus:p::‘:le':'gtaymage Ground susceptible to
as a result of sensitive improvement damage due to

clays? not required

( Ground \
# improvement ¢
\ required }

1. Sensitivity, S,, is the ratio of peak undisturbed strength to remolded strength at the same
water content.

2. Evaluate dispersivity from pinhole test (ASTM D 4647), SCS dispersion test (ASTM D 4221)
or crumb test (Sherard et al., 1976). Pinhole test is considered most reliable {(Mitchell, 1993).

3. Evaluate SAR by chemical analysis of pore water. Calculate ESP from SAR (Mitchell, 1993).

4

. “"No" response appropriate if it applies to all results from dispersivity tests. Otherwise,
"Yes" response appropriate.

FIGURE 4 Difficult Soils Evaluation - Sensitive or Dispersive Clay

Notes:
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( What is the potential '
for liquefaction?

FACTORS >
Earthquake Liquefaction resistance
loading of deposit
| PARAMETERS 1 v
- Maximum ground - Relative density
acceleration - Grain size
- Earthquake magnitude - Structure
ANALYSIS
h L 4
Evaluate cyclic stress ratio induced
by earthquake, CSR, using Seed E‘l’!ﬁ":?'::ggfr'%ﬁ;tz':c:h?::"'
(1979b) simplified formula: wave velocity correlations34.6
CSR =1, Jo,' = 0.65(a,,/¢)(c, [0, ')r,

Notes are on next sheet.

FIGURE §

(FL = CRRICSR)
AND/OR
Predicted settlement > 0.6D,,?

Ground
improvement
not required

FL21.0
AND/OR 78
Predicted settlement < 20,7

Ground
improvement and/or
foundation retrofitting
required

Proceed with gross
estimates of deformation

Evaluation of Liquefaction Potential
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Notes:
1. Assessment methods for parameters are given in Figure 18.

2. Evaluation of liquefaction resistance by CPT is generally preferred because
penetration data is nearly continuous with depth and more reliable. Obtain
SPT and CPT correlations with CRR from NCEER (1997) for clean sands.

Correct SPT and CPT correlations with CRR per NCEER (1897) for: fines
content, influence of thin soil layers, earthquake magnitudes different than
M = 7.5, vertical effective confining stress using Ko, and static horizontal
shear stress using Ko.

3. Shear wave velocity can be used as a supplemental method to SPT or CPT for
evaluating cyclic resistance ratio (CRR) per NCEER (1997).

4. Liquefaction resistance of gravelly soils should be evaluated per NCEER (1987).
The Becker Penetration Test (BPT) may be required for soils with high content
of gravel and cobbles.

§. If possible, site specific liquefaction potential curves should be developed and
used when no liquefaction resistance correlations are available for the soils
encountered. These curves can be developed in the laboratory for soils which
can be sampled (using specialized methods if necessary and possible) using
cyclic CU triaxial or cyclic simple shear tests.

6. "No" response appropriate if it applies to both factor of safety and settlement
criteria. "Yes" response appropriate if it applies to either or both criteria.

7. Deposits of cohesionless soils above groundwater (particularly those which
are loose) are also susceptible to densification settlement during earthquake
shaking. Estimated settlements of these deposits should be calculated using
available methods (e.g. Tokimatsu and Seed, 1987) and included in settiement
estimates for comparison to acceptable settlement limits.

8. Dv.ais the allowable vertical movement (allowable settiement) of the
foundation determined by the structural engineer.

9. "Yes" response appropriate if it applies to both factor of safety and settlement
criteria. "No" response appropriate if it applies to either or both criteria.

FIGURE 5 (continued)

23




ETL 1110-1-185

1 Feb 99
Is the slope/dam factor of
safety adequate?
FACTORS
A 4
Earthquake Soil/Rock Site
Loaging Static Loading Parameters Conditions
[PARAMETERS]]
Y y <
-Pseudostatic | |-Structural loads | | _Classification -Boundary conditions, i.e.
earthquake -Hydraulic loads -Strength Parameters groundwater levels, stratigraphy,
coefficient Soll loads -Soll state parameters, i.e. geometry of slope/dam
Surcharge loads | | consolidation history, unit | |.Geologic conditions, i.e. geologic
weight, relative density structure & faulting, joints & joint
-Fill compaction systems, weathering, slickensides,
characteristics, i.e. relative] | evidence of faulting & landslides
compaction, water content | | .Rate of fill placement
ANALYSIS
L 2
Perform slope stability analyses for the following cases:
1. End of construction (EOC)
2. Long term, steady state seepage (LT)
3. Rapid draw down (RDD)
4. Earthquake (EQ)
Make deformation
estimates
IBEQC S > 1.32 Ground improvement
ISLTFS > 1.5? £ ired
{S RDD FS > 1.072 not requir
NO
(Ground improvement requlre(D
Notes:

1. Assessment methods for parameters are given in Figures 19 and 20.

2. Based on EM-1110-2-1902 (Stability of Earth and Rockfill Dams). Criteria may be different
for different projects.

3. "Yes" response appropriate if it applies to all criteria. “No" response appropriate if it
applies to any criterion.

FIGURE 6 Slope Stability Evaluation
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What are bearing capacity and
settlement estimates?
|
FACTORS
Static Oynamic Soil/Rock Boundary
Loading Loading Parameters Conditions
| PARAMETERS' |
y < A
-Structural loads -Machine loads <Classification -Groundwater/
-Hydraulic loads ~Turbine loads -Strength parameters seepage conditions
Soll loads -Hydraulic loads -Soil state parameters, i.e. -Stratigraphy
-Surcharge loads -Wind loads consolidation history, unit
-Earthquake, flood or] | weight, relative density
other hazard foads ~Fill compaction

characteristics, l.e. relative
compaction, water content

h

Perform bearing capacity (BC) calculations for the following cases:
1. Static loading
2. Dynamic loading
Perform settlement calculations for the following cases:
1. Static loading
2. Dynamic loading

1. Is BC FS > required
. AND
‘2. Is settiement < allowable?

ves?
Ground improvement
not required

Ground improvement requireD

1. Assessment methods for parameters are given in Figures 19 and 20.
2. If "Yes" answer applies to both decisions, ground improvement is not required.
If "No" answer applies to either decision, ground improvement is required.

FIGURE 7 Bearing Capacity and Settlement Evaluation

Notes:
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Are the seepage factors of
safety adequate?
1

A A A h

Soil/Rock Site Seepage Boundary Seepage Design
Parameters Conditions Conditions Factors

| PARAMETERS'|

A 4 A

-Permeability
~Joints or
fractures

-Confined/unconfined flow
-Layers with high/low
permeability

4mpervious
boundaries
-Line of seepage

-Seepage control measures,
e.g. core, cutoff, filters
-Aliowable seepage quantity

ge face -Allowable uplift pressures

-Hydraulic gradient
-Entrances/exits

-Chemical composition of
water

Perform seepage analyses to determine the following:
1. Seepage quantity
2. Uplift pressures
3. Factor of safety against erosion and piping (E&P)

1. Is seepage quantity <
allowable?
AND
2. Is uplift pressure < allowable?
AND

YES?
Ground improvement
not required

3. Is FS (E&P) > required?

( Ground improvement requireD

Notes:

1. Assessment methods for parameters are given in Figure 21.
2. If "Yes" answer applies to all decisions, ground improvement is not required. If "No" answer
applies to any decision, ground improvement or other mitigation strategy is required.

FIGURE 8 Seepage Evaluation
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< liquefaction? $
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Bearing capacity|
and segttle'l)nenty]

Lateral
deformation

[ i ] [FacToRs | —
Earthquake Soll Earthquake Soil and slope
loading parameters characteristics parameters
PARAMETERS'
y A 4 4 h
-Earthquake
magnitude -Relative density -Moment -Grain size
magnitude -Relative density
-Cyclic stress ratio -Grain Size Dist -Liquefiable tayer
induced by -Dis anice thickness
earthquake, CSR from site Slope
I -Grade
{ -Geometry
l ENALYSISI T
-Evaluate bearing capacity safety. l

factor,Fuc, considering excess
porewater pressures estimated per
Marcuson and Hynes (1989)

-Estimate settiements from Tokimatsu
and Seed (1987) or Ishihara (1993)2

Estimate lateral deformation using
Bartlett and Youd (1995)°

I re

3

Fbec < 1.2
AND/OR
ateral deformation > 0.5Dn,
Settlement > 0.5Dv.s>

Ground
improvement
not required

Ground
improvement
and/or foundation
ktrofitting require

Fbc> 0.8
AND/OR
Lateral deformation < 2Dn.a

Settiement < 2Dv.a °5

Notes are on next sheet.

’ Proceed with refined
estimates of deformation

FIGURE 9 Liquefaction Evaluation - Gross
Deformation Estimates
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Notes:

1.
2.

Assessment methods for parameters are given in Figure 22.

Tokimatsu and Seed (1 987) and Ishihara (1993) procedures were developed
for "clean" sands. For silty sands an equivalent “clean " sand (N1)s value
can be computed using the method described by NCEER (1997) for use with
charts. ‘

For other soil types susceptible to liquefaction, settlements can be estimated
using results from cyclic CU triaxial tests on "undisturbed" samples subjected
to cyclic stress levels causing liquefaction. Samples are reconsolidated after
liquefaction to obtain volumetric strain data. Volumetric strain is then corre-
lated to the factor of safety against liquefaction, Fi, and the relative density/
penetration resistance of the soil.

. For sites not satisfying seismic and site condition limits specified by Bartlett

and Youd (1995), lateral deformations can be estimated using Newmark's (1965)
method. Reduced shear strengths should be used along the failure
surface in liquefied soil. 4

. "No" response appropriate if it applies to both factor of safety and settlement/

lateral deformation criteria. "Yes" response appropriate if it applies to either
or both criteria.

Estimated settlements should include densification settlements of cohesionless
soils above groundwater (per Tokimatsu and Seed, 1987) and settlements due

to deformations from lateral spreading and reduction in bearing capacity, as well
as those from dissipation of liquefaction-induced excess porewater pressures
of saturated soils. ‘ :

. Dva and Dn.s are the aliowable vertical and horizontal movements, respectively,

of the foundation as determined by the structural engineer.

. "Yes" response appropriate if it applies to both factor of safety and settlement/

lateral deformation criteria. "No" response appropriate if it applies to either or
both criteria.

FIGURE 9 (continued)
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What are gross estimates
of siope deformation due to
earthquake loading?

< FACTORS
Earthquake loading Soll parameters
PARAMETERS'
v
-Earthquake magnitude -Yield acceleration, ay
-Maximum ground -Fundamental period
acceleration at base of of embankment,To
embankment, amax
ANALYSIS

1!

For critical fallure surfaces from limit
equilibrium analyses, estimate
permanent displacement using
simplified procedure of Makdisi and
Seed (1978) 2

Is estimated
displacement > allowable
displacement?

Ground
improvement
not required

Proceed wlth refined
\_ estimates of deformation

Notes:

1. Assessment methods for earthquake parameters are given in Figure 15.
Assessment methods for soil parameters are given in Figure 23.

2. This procedure was developed using the dynamic response characteristics
of dams and embankments. If used for other types of slopes, the resuits
must be used with caution.

FIGURE 10 Slope Stability Evaluation - Gross
Deformation Estimates
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What are refined estimates of
: ground deformations?
FACTORS
A . A
Earthquake Solistate | | Stress Strength Stiffness [|Reconipression
loading parameters state properties | | properties}{| properties
LPARAMETERS'
A . y . 4
-Unit weight/] | -Vertical -Effecti - Shear
-Strong-motion ective -Volumetrig
acceleration density -Horizontal/ ;’,l,gtllé’“ modulus strain
record -Void ratio confining - Damping
.§e|atl|v¢ -Shear 'SR;:':;?"
e
nsity -Porewater
i
ANALYSIS

Calculate settiement and/or lateral

deformation using 2D or 3D dynamic

deformation analyses

Ground
Lateral deformation > 0.67Dn.a
Settlement > 0.67Dva 2 "“"’,"e‘:fu“;‘;';t "°t>

Notes are on next sheet.

Ground improvement
required

FIGURE 11 Refined Deformation Estimates for Liquefaction
and Slope Stability Evaluations
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Notes:

1. Assessment methods for parameters are given in Figures 17, 19 and 24
through 26.

2. Estimated settlements should include densification settlements of cohesionless
soils above groundwater (e.g. Tokimatsu and Seed, 1987) and settlement due to
deformations from lateral spreading and reduction in bearing capacity, as well
as those from dissipation of liquefaction-induced excess porewater pressures
of saturated soils,

3. "No" response appropriate if it applies to both lateral deformation and
settlement. "Yes" response appropriate if it applies to either lateral
deformation or settlement, or both.

FIGURE 11 (continued)
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Eactors

Earthquake loading

Static Loading

Soil/rock parameters

Site conditions

Parameters

Pseudostatic
earthquake
coefficient

Structural loads
Hydraulic loads
Soil loads

Surcharge loads

Classification

Soil state parameters

Strength parameters

Fill compaction
characteristics

Boundary conditions
Geologic conditions

Rate of fill placement

Assessment

For most cases,
kn= 0.5ama/g

- Refer to text for

additional guidance

Refer to Figure 14

Refer to Figure 12
Refer to Figure 17
Refer to Figure 19
From laboratory tests

Refer to Figure 13

From geotechnical
investigation report

From construction schedule

FIGURE 20 Parameter Assessment Methods for Slope
Stability, Bearing Capacity and Settlement
Evaluations
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Eactors

Soil/rock parameters

Site boundary
conditions

Seepage boundary
conditions

Seepage design
factors

* Finite element

Parameters

Permeability

Joints or fractures

Confined/unconfined
flow

Layers with high/low
permeability

Hydraulic gradient

Chemical composition
of water

Impervious boundaries
Line of seepage
Seepage face
Entrances/exits

Seepage control
measures

Allowable seepage
quantity

Allowable uplift pressures
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Assessment

From laboratory or field
tests

From geotechnical
investigation report

Refer to Figure 13
Refer to Figure 13
From construction plans

From laboratory tests

Refer to Figure 13

From flow net or FE* analysis
From flow net or FE analysis
From fiow net or FE analysis

From construction plans
From performance

requirements
From design requirements

FIGURE 21 Parameter Assessment Methods for

Seepage Evaluation
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Factors ¥ = Parameters Assessment

Earthquake loading Earthquake magnitude Refer to Figure 15
Cyclic Stress Ratio (CSR) Refer to Figure 15 fora,,.;
CSR = 0.65(amax/g)*(cvo/cve')rd

Soil parameters Relativg density Refer to Figure 18
Grain Size Refer to Figure 12
Earthquake Moment magnitude Refer to Figure 15
characteristics Distance from site Refer to Figure 15
Soil and sl -

oil and slope Grain size

| parameters Relative density ::::: :g ::g::: ::
Liquefiable layer Soil borings or CPT

1. Construction plans

Grade and geometry 2. Field reconnaissance

FIGURE 22 Parameter Assessment Methods for
Liquefaction Evaluation - Gross
Deformation Estimates
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CHAPTER 3
IF GROUND IMPROVEMENT IS NECESSARY, WHAT METHODS ARE
AVAILABLE?

Many methods for ground modification and improvement are available, including dewatering,
compaction, preloading with and without vertical drains, admixture stabilization, grouting of
several types, deep mixing, deep densification, and soil reinforcement. Many of these tech-
niques, such as dewatering, compaction, precompression, and some types of grouting, have
been used for many years. However, there have been rapid advances in the areas of deep
densification (vibrocompaction, deep dynamic compaction, compaction piles, explosive densi-
fication), jet and compaction grouting, deep mixing, and stone column systems in recent years.
These methods have become practical and economical alternatives for many ground improve-
ment applications. While most of these technologies were originally developed for uses other
than seismic risk mitigation, many of the recent advances in the areas of deep densification, jet
and compaction grouting, and deep mixing methods have been spurred on by the need for
practical and cost effective means for mitigating seismic risks. Many of these methods have

been applied to increase the liquefaction resistance of loose, saturated, cohesionless soils.

Table 3 contains a list of potentially applicable gfound improvement methods for civil works
structures. Various purposes for ground improvement are indicated, along with methods that
may be applicable for each purpose. Several different methods may be suitable for each po-
tential application. Selection of the most appropriate method for a particular purpose will de-
pend on many factors, including the type of soil to be improved, the level of improvement
needed, the magnitude of improvement attainable by a method; and the required depth and
areal extent of treatment. The applicable grain size ranges for various soil improvement
methods are shown in Figure 27. The remaining factors are discussed further in subsequent

chapters.
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An important factor in selection of a suitable ground improvement method is the accessibility
of the site, particularly if the site is already developed. When ground improvement is needed
on large, open and undeveloped sites, there are typically more and less expensive options
available than at sites that are small or have constraints such as existing structures or facilities.
Ground improvement methods that are potentially suitable and economical for use on large,
open, undeveloped sites are summarized in Table 4. A similar summary of ground improve-
ment methods that may be applicable for use at constrained or developed sites is contained in
Table 5. For each method, information is provided regarding suitable soil types, effective
depth of treatment, typical layout and spacing, attainable improvement, advantages, limitations
and prior experience. A summary of approximate costs for various ground improvement op-

tions is presented in Table 6.

Tables 3, 4, and 5 can be used to select options for ground improvement at a particular site.
These options can then be narrowed down based on the design considerations presented in the
next chapter. Table 6 can be used to estimate the approximate costs for various ground im-
provement methods.

Brief description of each of the methods are given below. More detailed discussions may be
found in Mitchell (1981), FHWA (1983, 1986a, 1986¢c, 1996a, 1996b, 1998), Hausmann
(1990), Mitchell and Christopher (1990), Narin van Court and Mitchell (1994, 1995),” Hay-
ward Baker (1996), and ASCE (1997).

Soil Replacement
Soil replacement involves excavating the soil that needs to be improved and replacing it. The
excavated soil can sometimes be recompacted to a satisfactory state or it may be treated with

admixtures and then be replaced in a controlled manner. It can also be replaced with a differ-

ent soil with more suitable properties for the proposed application.
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Admixture Stabilization

Admixture stabilization consists ‘of mixing or injecting admixtures such as cement, lime, flyash
or bentonite into a soil to improve its properties. Admixtures can be used to increase the
strength, decrease the permeability or improve the workability of a soil. Admixtures can fill
voids, bind particles, or break down soil particles and form cement. The general process of
admixture stabilization consists of: (1) excavating and breaking up the soil, (2) adding the
stabilizer and water, if necessary, (3) mixing thoroughly, and (4) compacting the soil and al-

lowing it to cure. Admixture stabilization is discussed in detail in Hausmann (1990).
Roller Compacted Concrete

Roller compacted concrete (RCC) is a material that has useful applications for ground im-
provement. RCC is essentially no-slump concrete composed of a blend of coarse aggregate,
fine aggregate, cement and water. It can be used to construct earth dams with steep slopes, to
provide overtopping protection for existing earth dams, and to buttress existing slopes. It is
placed and spread using conventional earth moving equipment, compacted with vibratory roll-
ers and allowed to cure. During curing, the RCC hydrates and hardens into weak concrete.
In recent years, many dams have either been constructed or rehabilitated using RCC. Use of
RCC for embankment overtopping protection is discussed in Roller Compacted Concrete IIT
(1992) and by McLean and Hansen (1993). Construction of dams using RCC is discussed in
Roller Compacted Concrete II (1988) and Roller Compacted Concrete III (1992).

Deep Dynamic Compaction

Deep dynamic compaction (DDC), also called heavy tamping, consists of repeated dropping
of heavy weights onto the ground surface to densify the soil at depth, as shown in Figure 28.
For unsaturated soil, the process of DDC is similar to a large-scale Proctor compaction test.
For loose, fully saturated, cohesionless soils, the impact from the weight liquefies the soil and

the particles are rearranged in a denser, more stable configuration. At developed sites, a
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buffer zone around structures of about 30 to 40 meters is required. A typical DDC program
involves weights of 10 to 30 tons dropped from heights of 15 to 30 meters at grid spacings of
2 to 6 meters. A photograph of the DDC process is shown in Figure 28. DDC works best on
sands and silty sands, with a maximum effective densification depth of about 10 meters. The
maximum improvement occurs in the upper two-thirds of the effective depth. The relationship
between the effective depth, the weight and the height of the drop can be expressed as:

D = (0.3 to 0.7)*(WH )"?
where D = maximum depth of improvement, m

W = falling weight, metric tons

H = height of drop, m.
The lower values for the coefficient generally apply to silty sands, whereas, clean, coarse, co-
hesionless soils are densified to a greater effective depth for a given value of W*H. DDC is
discussed in greater detail in Mitchell (1981), FHWA (1986a), and Hayward Baker (1996).

Figure 28. The dynamic compaction process (from Hayward Baker, 1996).
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Vibrocompaction and Vibrorod

Vibrocompaction methods use vibrating probes (typically having a diameter of about 0.4 m)
to densify the soil. A sketch showing the vibrocompaction process in shown in Figure 29.
The probe is usually jetted into the ground to the desired depth of improvement and vibrated
during withdrawal, causing densification. The soil densifies as the probe is repeatedly inserted
and withdrawn in about 1 m increments. The cavity that forms at the surface is backfilled with
sand or gravel to form a column of densified soil. Vibrocompaction methods are most effec-

tive for sands and gravels with less than about 20 percent fines, as shown in Figure 30.

Figure 29. The vibrocompaction process (Hayward Baker, 1996)

When vibrocompaction is used for large areas, it is typically performed using either a triangu-
lar or rectangular grid pattern, with probe spacings in the range of 1.5 m to 3 m on centers.
The spacing depends on several factors, including the soil type, backfill type, probe type and
energy, and the level of improvement required. An approximate variation of relative density
with effective area per compaction probe for a sand backfill is shown in Figure 31 (FHWA,
1983). While field tests are usually done to finalize the design, Figure 31 can be used for pre-
liminary probe spacings. This figure can also be used for preliminary design of stone columns,

which is discussed in the next section. Advantages of vibrocompaction are that the vibrations
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felt on or near the site are significantly less than caused by deep dynamic compaction or ex-
plosive compaction and more uniform densification is obtained. On the other hand, the cost is

usually greater. Additional information is available in Mitchell (1981), Hausmann (1990), and
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Hayward Baker (1996).
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Figure 30. Range of particle size distributions suitable for densification by vibrocompaction.
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Figure 31. Approximate variation of relative density with tributary area or area replacement
ratio (after FHWA, 1983).
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Stone Columns (Vibroreplacement)

Stone columns are installed using a process similar to vibrocompaction, except that a gravel
backfill is used, and they are usually installed in slightly cohesive soils or silty sands rather
than clean sands. In the dry process, a cylindrical cavity is formed by the vibrator, that is filled
from the bottom up with gravel or crushed rock. Compaction is by vibration and displace-
ment during repeated 0.5+ m withdrawals and insertions of the vibrator. Stone columns are
usually about 1 m in diameter, depending on the soil conditions, equipment and construction
procedures. They are usually installed in square or triangular grid patterns, but may also be
used in clusters and rows to support footings and walls. Center-to-center column spacings of
1.5 to 3.5 m are typical. Figure 31 may be used for preliminary design using the area re-
placement ratio axis. The area replacement ratio is defined as the area of the stone column to
the tributary area per stone column. For foundation applications, coverage should be ex-
tended beyond the perimeter of the structure to account for stress spread with depth. A
drainage blanket of sand or gravel 0.3 m or more in thickness is usually placed over the top of
the treatment area. This blanket also serves to distribute stresses from structures above. Ad-
ditional details regarding stone columns are discussed in Mitchell (1981), Hausmann (1990),
and Hayward Baker (1996).

Gravel Drains

Gravel drains are a type of stone column proposed for use in liquefiable soils to mitigate lique-
faction risk by dissipation of excess pore water pressures generated during earthquakes
(ASCE, 1997). ‘They have been proposed for use in two ways: (1) as the sole treatment
method for liquefiable zones and (2) as a perimeter treatment around improved zones to inter-
cept pore pressure plumes from adjacent untreated ground. A typical layout for gravel drains
is shown in Figure 32. Gravel drains are constructed in the same manner as stone columns,
but are installed in cohesionless deposits. As the gravel is densified during vibro-replacement,
there is mixing of the sand from the formation with the gravel in the drain. The degree of

mixing has a strong influence on the final permeability of the gravel drain.
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Seed and Booker (1977) first proposed design methods for gravel drains to prevent liquefac-
tion of sands. They assumed that drainage would occur radially towards the center of the col-
umn if the drain permeability were at least 200 times the native soil permeability and that drain
resistance could be neglected. In practice, however, seepage in the drain occurs vertically, so
the drainage path length is much longer than originally assumed by Seed and Booker and drain
resistance becomes an important factor in design. Design diagrams that consider the drainage
path length and drain resistance were presented by Onoue (1988). Boulanger et al. (1998)
performed designs using both methods and found that the methods agree when drain resis-
tance is negligible. However, they also found that a drain permeability of 200 times the soil
permeability was not suﬁiciént to eliminate the effects of drain resistance. Therefore, they
suggest that the diagrams presented by Onoue (1988) be used to include the effects of drain
resistance in design of gravel drains.

® & ®© ¢ 6 © o © o o

® ® ® © ® 6 © 6 6 PW
® ®© © @ © o © © e ¢©
GRAVEL DRAIN

¥ w3
s

Figure 32. Arrangement of gravel drains (after Seed and Booker, 1977).

A detailed discussion of design and construction issues regarding gravel drains is presented by
Boulanger et al. (1998). Intermixing of the native soil and the drain material can cause the
permeability of the resultant drain to be less than 100 times the permeability of the native soil.
Construction defects can result in zones of low permeability. Therefore, it is recommended
that densification be the primary treatment goal when gravel columns are used and that drain-

age be considered a secondary benefit. It is noted, however, that row(s) of gravel drains used
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around the perimeter of a densified zone can be beneficial in intercepting excess pore pressure

plumes from adjacent liquefied soil.
Sand and Gravel Compaction Piles

Compaction piles densify the soil by two mechanisms: (1) displacement of a volume of soil
equal to the pile volume and (2) densification of the soil due to vibrations induced by the pile
driving. They are typically spaced 1 to 3 m on center. For preliminary design in loose sand, the
following guideline may be used. To increase the average density of loose sand from an initial
void ratio e, to a void ratio e, assuming that installation of a sand pile causes compaction only

in a lateral direction, the pile spacings may be determined using

S= d(n(l + eo)) v

€o— ‘
for sand piles in a square patfem, Figure 33 (a) and
12
S=108 d(ﬂLt.Q)
€o—¢€

for piles in a triangular pattern, Figure 33 (b), in which d is the sand pile diameter (up to 800
mm) (Mitchell, 1981). Compaction piles are often slow to install and relatively expensive. A
Franki pile is a type of compaction pile in which a falling weight is used to drive the backfill

out the bottom of a large diameter pipe. Additional detail on sand and gravel compaction
piles can be found in Mitchell (1981).

| s

PILE s

(a) Square Pattern (b) Triangular Pattern

Figure 33. Usual compaction pile patterns.
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Explosive Compaction

In explosive compaction, densification occurs after a charge is detonated below the ground
surface. The detonation induces liquefaction in the soil, which then recompacts to a denser,
more stable fabric under the pressures induced by both the blast and by gravity. If a partly
saturated soil is prewetted before the charges are detonated, the process is termed hydroblast-
ing. Hydroblasting is sometimes used to treat collapsible soils. A typical layout for explosive
compaction is shown in Figure 34. Explosive compaction has an unlimited effective depth and
is best suited for clean sands and silty sands with initial relative densities of less than about 50
to 60 percent. The post-densification improvement in strength and stiffness is usually time-

dependent and may require several weeks to fully develop.

A typical blasting program consists of charges spaced at 3 to 8 m in developed areas and 8 to
15 meters in remote areas, with charge weights between 2 and 15 kilograms. The total ex-
plosive use is usually 40 to 80 g/m’. For soil layers less than 10 m thick, the charges are
usually placed at a depth between one-half and three-quarters the thickness of the layer to be
treated, with a depth of two-thirds the layer thickness common. If a layer is more than 10 m
thick, it is recommended that it be divided into sublayers, where each sublayer is treated sepa-
rately with decked charges (Narin van Court and Mitchell, 1994). The charges in each
sublayer can be set off in sequence from top to bottom or bottom to top, and there is no de-

finitive evidence that one sequence is more effective than the other.

o Series1 0O Series 2

Figure 34. Typical layout for explosive compaction program.

57




ETL 1110-1-185
1 Feb 99

For any layer thickness, the treatment area typically needs to be treated with 2 or 3 series of
charges, with each series of charges separated by a period of hours or days. Surface settle-
ment of 2 to 10 percent can be expected, depending on the amount of explosives used and the
initial properties of the soil and site. A field testing program is usually performed for the final
design. For additional information on éxplosive compaction, consult Narin van Court and
Mitchell (1994, 1995).

Permeation Grouting

Permeation grouting is a process by which the pore spaces in soil or the joints in rock are
filled with grout, as depicted in Figure 35. Injection pressures are usually limited to prevent
fracture or volume change in the formation. One rule of thumb for maximum injection grout-
ing pressures is 20 kPa per meter of depth (1 ps/ft). Either particulate or chemical grouts can
be used. The process is limited to relatively coarse-grained soils, because the grout must be
able to flow through the formation to replace the fluid in the void spaces or joints. Particulate
grouts, such as cement or bentonite, are used for soils no finer than medium to coarse sands,
since the particles in the grout must be able to penetrate the formation. Use of micro-fine ce-
ment enables penetration of somewhat finer-grained soil than can be treated using ordinary
Portland cement. Chemical grouts, usually silicates, can be used in formations with smaller
pore spaces, but are still limited to soils coarser than fine sands. The typical spacing for
‘penetration grouting holes is between about 4 to 8 feet. For water cutoff applications, two or
three rows of grout holes are usually required to form an effective seepage barrier. Penetra-
tion grouting can also be used for ground strengthening and liquefaction mitigation. Whereas
seepage control requires essentially complete replacement of the pore water by grout, effec-
tive strengthening is possible with incomplete replacement. Additional references on permea-
tion grouting include Karol (1990) and Xanthakos et al. (1994). Case histories on chemical
grouting for mitigation of liquefaction risk can be found in Graf (1992b).
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SLURRY GROUTING [COMPACTION GROUTING |CHEMICAL GROUTING] JET GROUTING
(intrusion) (Displacement) (Permeation) (Replacement)

Figure 35. Types of grouting (Hayward Baker, 1996).

Compaction Grouting

Compaction grouting consists of injecting a very-low slump mortar into loose soils and cavi-
ties. The grout forms a bulb which expands against the surrounding soil, causing densification
and displacement to occur (Figures 35 and 36). Unlike penetration grouting, the grout does
not penetrate the soil pores in compaction grouting. The grout acts as a radial hydraulic jack
to compress the surrounding soil. The grout is usually a mix of sandy soil with enough fines
to bind the mix together, cement, and water. A typical compaction grout mix consists of
about 3 parts sand to 1 part cement, although cement is not always used. The grout forms a
bulb up to about 1 m in diameter, that is relatively Strong and incompressible after it hardens.
The process causes an overall decrease in the void ratio of the formation. Compaction grout-
ing is most effective for loose granular soils, collapsible soils, and loose, unsaturated fine-

grained soils.

A typical compaction grouting program consists of pipe spacings between 3 to 15 feet, with 5
to 7 feet spacing common. The pumping rate may vary from 0.5 to 10 cubic feet per minute,
depending on the type of soil being treated. The replacement factor, which is the percentage
of total ground volume that is filled with grout, ranges from about 3 to 12 percent. Additional
information on compaction grouting can be found in Graf (1992a) and Warner et al. (1992).
Details of compaction grouting for liquefaction mitigation can be found in Graf (1992b) and
Boulanger and Hayden (1995).
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Figure 36. Compaction grout bulb construction (ASCE, 1997).

Y

Jet Grouting

Jet grouting is a process in which a high-pressure water jet is used to erode the native soil and
mix it or replace it with a stabilizer such cement or bentonite, as depicted in Figure 37. The
grout-soil mixture forms high strength or low permeability columns, panels or sheets, depend-
ing on the orientation and rotation of the jets as they are withdrawn from the ground. Col-
umns of up to about 1 m diameter are typical, although much larger columns are possible us-
ing special equipment. Jet grouting can be used in most soil types, although it works best in
soils that are easily eroded, such as cohesionless soils. Cohesive soils, especially highly plastic
clays, can be difficult to erode and can break up in chunks. The return velocity of the drilling
fluid is usually not large enough to remove chunks of clay, so the quality of the grout-soil
mixture could be compromised and hydrofracturing could occur in highly plastic clays (ASCE,
1997). A drawback of jet grouting is that it is very expensive and that special equipment is
required. However, one advantage is that treatment can be restricted to the specific layer re-
quiring improvement. Another advantage is that the injection rods can be inclined, so it is
useful for grouting under structures or existing facilities. Burke and Welsh (1991) and Xan-

thakos et al. (1994) can be conmlted‘ for additional information regarding jet grouting.
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Figure 37. The jet grouting process (Hayward Baker, 1996).

Deep Soil Mixing

In the deep soil mixing technique, admixtures are injected into the soil at the treatment depth
and mixed thoroughly using large-diameter single- or multiple-axis augers to form columns or
panels of treated material. The mix-in-place columns can be up to 1 m or more in diameter.
The treatment modifies the engineering properties of the soil by increasing strength, decreas-
ing compressibility and decreaéing permeability. Typical admixtures are cement and lime, but
slag or other additives can also be used. The mix-in-place columns can be used alone, in
groups to form piérs, in lines to form walls, or in patterns to form cells. The process can be
used to form soil-cement or soil-bentonite cutoff walls in coarse-grained soils, to construct
excavation support walls, and to stabilize liquefiable ground. Deep mixing for mitigation of
liquefaction risk at Jackson Lake Dam is illustrated in Figure 38. A detailed discussion of
deep mixing is presented in ASCE (1997).

Mini-piles
Mini-piles, also known as micro-piles or root piles, are “small-diameter, bored, grouted-in-

place piles incorporating steel reinforcement” (ASCE, 1997). Mini-piles can be used to with-
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Figure 38. DSM for Jackson Lake Dam Modification Project (Taki and Yang, 1991).

stand axial loads and/or lateral loads, either for the support of structures or the stabilization of
soil masses. Various applications for micro-piles are shown in Figure 39. Diameters are
usually in the range of 100 to 250 mm, with lengths up to 20 to 30 m and capacities from
about 100 to 300 kN (67 to 225 kips). Mini-piles can be installed both vertically and on a

slant, so they can be used for underpinning of existing structures.

Conventional concrete cast-in-place piles generally rely on the concrete to resist the majority
of the applied load. In contrast, mini-piles often contain high capacity steel elements that oc-

cupy up to 50 percent of the borehole volume.  Therefore, the steel element is the primary

..............
RESDOEEFRAD

excavated

.............................

Figure 39. Mini-pile applications (modified from Lizzi, 1983).
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load bearing component, and can develop high capacities, while the grout serves to transfer
the load from the steel to the soil. Additional information on mini-piles can be obtained from
Xanthakos et al. (1994). Case histories are discussed in Bruce (1991). Information on design
can be found in Volume 2 of the FHWA State of Practice Report (19962).

Soil Nailing

Soil nailing consists of a series of inclusions, usually steel rods, centered in a grout-filled hole
about 6 inches in diameter in the ground to be supported. By spacing the inclusions closely, a
composite structural entity can be formed. The “nails” are usually reinforcing bars 20-30 mm
in diameter that are grouted into predrilled holes or driven using a percussion drilling device at
an angle of 10 to 15 degrees down from the horizontal. Drainage from the soil is provided

with strip drains and the face of the excavation is protected with a shotcrete layer.

The purpose of soil nailing is to improve the stability of slopes or to support slopes and exca-
vations by intersecting potential failure planes. An example of soil nailing for excavation sup-
port is shown in Figure 41. There are two mechanisms involved in the stability of nailed soil
structures (Mitchell and Christopher, 1990). Resisting tensile forces are generated in the nails

in the active zone. These tensile forces must be transferred into the soil in the resisting zone

Excavate cut Drill hole, install Install drains, Repeat process
1-2 m high nail and grout shotcrete face & to final grade
bearing plates/nuts

Figure 40. Soil nailing for excavation support (after Walkinshaw and Chassie, 1994).
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through friction or adhesion mobilized at the soil-nail interface. The second mechanism is the

development of passive resistance against the face of the nail.

Soil nailing works best in dense granular soil and stiff, low plasticity silty clay soils. In stiff
soils, the maximum facing displacement is about 0.3 percent. Current design procedures for
soil nailed walls are included in FHWA (1996b).

Prefabricated Vertical (PV) Drains, with or without surcharge fills

Prefabricated vertical (PV) drains, also known as wick drains, are typically installed in soft,
cohesive soil deposits to increase the rate of consolidation settlement and corresponding
strength gain. The rate of consolidation settlement is proportional to the square of the length
of the drainage path to the drain. Installing vertical drains shortens the drainage path, which
causes an increase in the rate of settlement. Geocomposites are widely used as drains because
they are relatively inexpensive, economical to install and have a high flow capacity. Geocom-
posite drains consist of a plastic waffle core which conveys the water and a geotextile filter to
protect the core from clogging. In selecting a drain, it is important to choose one with enough
capacity. Drains are typically spaced in a triangular or rectangular configuration. A sand
blanket is usually placed on the surface of the consolidating layer to facilitate drainage. For
additional information on engineering assessment and design of vertical drains, the 1986
FHWA publications titled Prefabricated Vertical Drains and Geocomposite Drains may be
consulted. A discussion of the updates in PV drains in the past ten years can be found in
ASCE (1997).

Surcharge preloading can be used in conjunction with vertical drains to increase the magnitude
of settlement prior to construction, as shown in Figure 41. Surcharge preloading consists of
placing a surcharge load over the footprint of the proposed facility prior to construction. The
surcharge load causes consolidation settlement to occur. It can be accomplished with sur-
charge fills, water in tanks and ponds, by lowering the groundwater table or by electroosmo-

sis.
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Sand
blanket

PV drains

% Figure 41. PV drains with surcharge load.
|

A new application for PV drains is in the area of mitigation of liquefaction risk (ASCE, 1997).
PV drains have the potential to provide liquefaction resistance by improving drainage and/or
adding reinforcement. PV drains were installed in conjunction with stone columns in a test
section at Salmon Lake Dam in Washington (Luehring, 1997). The purpose of the installa-
tion was for liquefaction mitigation of non-plastic silty soils. The PV drains were used to im-
prove drainage, provide relief of excess pore pressure and to prevent disturbance or fracturing
of the foundation soils. The drains were installed prior to stone column construction. The
columns were installed using the dry, bottom-feed method, which presents concerns with re-
spect to disturbance or fracture of the foundation soils being treated, as well as the adjacent
foundation soils. During construction of the stone columns, air and water were ejected from
most of the wick drains. The study concluded that the wick drains relieved most of the excess
air and water pressures during construction, thus protecting the dam and foundation materials

immediately below the dam from disturbance.
Electroosmosis
If a DC electric potential is applied to a saturated clay soil, the cations will be attracted to the

cathode and the anions will be attracted to the anode. The cations and anions will carry their

water of hydration with them as they move and move additional water by viscous drag. Due
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Figure 42. Buttress fill at toe of embankment.

to the net negative charge of the clay particles, there are more mobile cations than anions, so
the net flow of pore water will be toward the cathode. If the cathode is a wellpoint, the water
collected at the cathode can be removed and the soil between the electrodes will consolidate.
Consolidation will be greatest at the anode and least near the cathode. No consolidation will
occur at the cathode itself. The process of electroosmosis will result in a lower moisture
content, lower compressibility and increased strength. There may be an additional increase in
strengtﬁ and a decrease in plasticity due to electrochemical hardening, which occurs when the
application of a DC electric potential to a saturated clay causes electrode corrosion, ion ex-

change, and mineral alteration. Electroosmosis and electrochemical hardening are discussed
by Mitchell (1993).

Buttress Fills

A buttress fill may be used to improve the stability of a slope or increase the resistance to lig-
uefaction by adding weight to the system, as shown in Figure 42. For a slope, the buttress
adds weight which increases the resisting force and increases the length of the failure surface.
For ground susceptible to liquefaction, the buttress also serves to increase the confining pres-

sure, thereby increasing the resistance to liquefaction.
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Biotechnical Stabilization and Soil Bioengineering

Biotechnical stabilization and.soil bioengineering can be used to stabilize slopes against ero-
sion and shallow slope failures. The biotechnical stabilization method consists of using live
vegetation in combination with inert structural or mechanical components, such as retaining
structures, revetments and ground cover systems (ASCE, 1997). For example, plants can be
established in the front openings of gabion walls and cellular grids or on the benches of tiered
retaining walls. The vegetation and mechanical elements work together as an integrated sys-
tem to provide erosion protection or slope stabilization. Soil bioengineering is the use of live
plants alone to serve as soil reinforcement, hydraulic drains and barriers to earth movement.
An example of slope stabilization by brash layering is shown in Figure 43.  Bioetechnical
stabilization and soil bioengineering are discussed in Gray and Sotir (1996). This method is
applicable for river and stream banks. It should not be used as part of the physical flood pro-
tection (levees, etc.). '

Figure 43. Biotechnical stabilization by brush layering (after Gray and Sotir, 1996).
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CHAPTER 4
HOW IS GROUND IMPROVEMENT DESIGNED?

Design Considerations and Parameters

Afier it is determined that ground improvement is required, a treatment method must be se-
lected and an improvement program designed. The project design and performance require-
ments will dictate some of the design parameters, including the required stability and the al-
lowable deformation of treated ground under static and dynamic loading. The subsurface
conditions will set other design criteria, such as the suitability of different ground improve-
ment methods and the required depth and areal extent of treatment. Collectively, these factors
will determine the level of improvement required to assure satisfactory performance. Site
constraints will also play a role in design, as will the construction schedule and the construc-
tion budget. Finally, the availability of experienced or specialty contractors in the area will be

a design consideration.

Design and Performance Rguireménts. Different structures will have different performance
requirements; for example, a linear structure like a bridge may have different displacement
limitations than a settlement-sensitive isolated building. In determining the level of improve-
ment required, the following questions should be considered:

1. Is the improvement for an existing facility or a proposed facility?

2. How much settlement is the structure able to tolerate under normal service conditions?
How mu_ch movement or settlement is tolerable during a natural hazard such as an
earthquake or a flood?

3. Is the facility a critical or a non-critical structure? A critical structure could be a navi-
gation lock where closure of the facility could result in serious economic losses or 2
dam where failure could cause significant loss of life or property. A non-critical facil-
ity could be a warehouse, where significant damage would be inconvenient, but not

critical or life-threatening.
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4.

Can the facility tolerate the anticipated seepage or would it cause economic losses or

danger of erosion and piping?

. How much resistance to liquefaction is needed? Should a “two-level” mitigation strat-

egy be used whereby sufficient remediation is proposed to: (1) avoid significant dam-
age and loss of senﬁcéability under the design earthquake and (2) avoid catastrophic
failure, while allowing repairable damage, in the maximum credible earthquake
(Mitchell et al., 1998)?

Site constraints. Site constraint considerations can be addressed by the following questions:

L.

2
3.
4

How large is the area that needs to be treated?

. Is the site large or small? Is it open or constrained by structures or utilities?

Are there nearby buildings that are sensitive to vibrations?

. Will property easements from adjacent sites be necessary to complete the ground im-

provement, e.g. for soil nailing or micro-piles?

Subsurface conditions. Answers to the following questions will aid in selecting suitable meth-

ods and determining the size and depth of the treatment zone:

L.

What type of soil needs to be improved? What methods are appropriate for improving
it?

At what depth and how thick is the layer that needs to be treated? How far outside

- the footprint of the structure does the layer need to be treated?
3. Is the layer saturated? At what depth is the ground water table?

Is there more than one layer that needs to be treated, such as a loose fill overlying a
soft clay layer? Is a different method needed for each layer that needs to be treated, or

can one method treat all the layers that need to be improved?

Scheduling. Construction scheduling can restrict the potentially applicable ground improve-

ment methods. Certain methods produce immediate improvement (e.g. vibroflotation), while

others require time (e.g. wick drains). Other methods produce an initial improvement and

then a continuing strength gain with time (e.g. explosive compaction, methods involving ce-
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mentation reactions). The improvement method selected must be compatible with the time

available for improvement.

Budget and availability of contractor. The selection of a ground improvement method will
also depend on the construction budget and the funds available for improvement. If plenty of
free fill is available, use of a buttress may be a cost effective improvement technique. At
premium urban sites, the cost of more expensive improvement methods may be relatively
small when compared to real estate costs. If a specialty contractor is located near the site,
selection of a proprietary ground improvement method may be cost effective because of a

relatively small mobilization charge.
Design Procedures

With the aid of answers to the foregoing questions, the following steps can be followed to de-
sign the ground improvement program:
1. Select potential improvement methods.
Develop and evaluate rgmedial design concepts.
Choose methods for further evaluation.
Perform final design for one or more of the preliminary designs.
Compare final designs and select the best one.

S S i

Field test for verification of effectiveness and development of construction procedures.
7. Develop specifications and QA/QC programs.

These steps are discussed in more detail below.

Select potential improvement methods. A preliminary screening and evaluation of methods

can be made using Tables 2, 3, and 4 in Chapter 3. A list of potentially applicable methods for
a particular ground improvement purpose can be developed using Table 2. The list can be
refined by using Tables 3 and 4 to select methods that should be suitable in light of the particu-

lar site constraints.
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Develop and evaluate remedial design concepts. Preliminary designs can be developed for

each improvement method selected in the previous step. Tentative layouts and treatment
points for each method can be developed using Tables 3 and 4, and/or from propriety or em-
pirical guidelines and design programs offered by specialty contractors. The tentative size and
location of the treatment zone can be established using empirical guidelines, which are dis-
cussed below in “Design Recommendations.” If the design includes retrofitting a structure,
the improvements to existing foundation elements should be determined, and/or new founda-

tion elements should be designed.

Analyses should be performed for each preliminary design to determine if the treated zone will
be improved sufficiently to meet the design and performance requirements. For non-critical
structures, the analyses may be as simple as confirming that the factors of safety are adequate
when computed using the anticipated properties for the improved soil. However, detailed
ground deformation and foundation loading analyses may be required for critical or complex
structures. These analyses require information on the geometry and properties of the treat-
ment zone for each improvement method. Preliminary cost estimates can also be deveioped

using Table 5 to aid in selecting methods for further evaluation.

Choose methods for further evaluation. The preliminary designs can be compared to deter-
mine which methods appear to be the best alternatives for the particular site. Further analysis

can be done for each of these options.

Develop tentative final designs for the selected preliminary designs. Detailed design and cost

estimates are developed for one or more of the selected preliminary designs. The location,
size, shape and required properties of treatment zones or foundation improvements are de-
termined. This stage includes determining locations and depths of treatment and developing
construction details for the foundation improvements. Methods for evaluating the post-
treatment results in the field are developed. Analyses are performed for the final designs to

confirm that the anticipated performance of the facility will be satisfactory.
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Compare final designs and select the best one. The final design plans and cost estimates are
analyzed to determine the best scheme for improving the site or facility. The final selection is
based both on cost and on the expected performance of the facility after improvement, con-

structability, the time available for construction, and the availability of contractors to perform

the work.

Field testing for design verification and development of construction procedures. For most

projects, a field testing program should be developed and executed to verify that the required
improvement can be obtained using the proposed method. The design can be adjusted during
this phase to optimize the spacing of the treatment locations so the required improvement can

be obtained in an efficient manner.

Develop specifications and QA/QC programs. Construction specifications and QA/QC pro-
grams will be required for the design that will be implemented. The specifications can be ei-
ther procedural or end result, however, the QA/QC program should be consistent with the
type of construction specifications. These issues are discussed in more detail in the following

chapter.
Design Issues

There are certain design problems that are specific to certain ground improvement methods,
while others are general and apply to most methods. In general, ground improvement designs
are based on empirical guidelines rather than rigorous design procedures. Some methods are
proprietary and can only be designed and implemented by specialty contractors. Most require
extensive field testing programs before the design can be finalized. Some are still being devel-
oped, so it may sometimes be difficult to write unambiguous and enforceable specifications
and QA/QC programs.

Some of the design problems specific to different methods or applications are summarized

below.
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Prefabricated Vertical (PV) Drains (Wick Drains): According to ASCE (1997), PV drains
have performed well in many past projects mainly because they are designed conservatively.
When PV drains are designed to function near their maximum capacity, the installations will
need to be monitored carefully. The drain capacity could be the limiting factor in cases where
PV drains are designed for sites where there are deep compressible layers with surcharge
loading. Before using PV drains below a depth of 45 m, a specialist should be consulted. PV
drains have been used for mitigation of liquefaction risk in a few cases; however, little re-
search has been performed to quantify the extent of improvement that can be obtained in this

application.

Soil Nailing: There have been inconsistencies in the design methods for soil nailed walls
(Xanthakos et al., 1994). It is recommended that the Manual for Design and Construction
Monitoring of Soil Nail Walls (FHWA, 1996b) be used, as it synthesizes current design and
construction methods into a comprehensive and consistent guideline procedure. Worked de-

sign examples are included in the manual. A companion manual for construction monitoring is
also available FHWA, 1996c¢).

Micro-piles: When conventional piles are closely spaced, the nominal capacity of each pile is
reduced to account for a group effect. In contrast, closely spaced pin piles have been reported
to have higher capacity than widely spaced piles, particularly when the piles are reticulated,
i.e. intertwined (Xanthakos et al., 1994). This positive group effect is not routinely exploited
in design. However, there is also no reduction to account for a group effect as is done in con-
ventional pile design.

Stone columns/Gravel drains: When gravel drains are used for dissipation of excess pore
pressure, it is difficult to predict the permeability that can be obtained. During installation,
there is mixing between the stone and the in-situ soil, so the final drain contains a mixture of
soil and stone. Different studies have estimated that the in-situ soil comprises about 20% of
the completed stone column (Boulanger et al., 1998). It is also difficult to measure the per-

meability properties of stone columns in the field.
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Seismic applications: When designing ground improvement to reduce the risk of liquefaction
or lateral spreading, the primary concern is limiting the deformations of a supported structure
to acceptable levels. In order to limit deformations, it is first necessary to have adequate

ground strength to resist overall failure of the ground and structure.

There are numerous factors which influence the stability and deformation of improved ground
zones and structures during and after an earthquake, as described by Mitchell et al.. (1998).
The size, location and type of treated zone influences the behavior of the improved ground
and the supported structure. Migration of pore pressure from an untreated zone into an im-
proved zone can reduce the strength in the improved zone. Improved ground may amplify the
earthquake motion, resulting in more severe loading on a supported structure. The maximum
inertial forces that act on the improved ground and the structure may act at different times,
causing a complex soil-structure interaction problem. In cases where improved ground is lo-
cated in sloping areas, there may be additional forces imposed on the improved ground zone if
the surrounding unimproved ground undergoes lateral spreading. Some of these factors can
be incorporated into complex analytical models, but most of them have not been incorporated

into simplified methods of analyses.

Design Recommendations

Depth of treatment: For liquefaction mitigation, the depth of treatment generally should ex-
tend to the bottom of the layer that requires improvement, particularly for large or heavily-
loaded structures. For lightly-loaded structures, it may not be necessary to treat the entire
liquefiable layer, however, design procedures for an improved “crust” over liquefiable soils are
not well established. For free-field conditions or lightly-loaded structures, Ishihara (1985)
presents correlations between the minimum thickness of a non-liquefiable surface layer, the
maximum thickness of an underlying liquefiable layer and surface manifestations of liquefac-
tion. For several sites in Japan subjected to maximum accelerations of about 0.2g, liquefac-
tion damage was observed when the crust thickness was less than 3 m. For sites where the

crust thickness was less than 3 m, more damage was observed if the liquefiable layer was
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greater than 3 m in thickness. Youd and Garris (1995) performed a similar study on addi-
tional sites and concluded that Isihara's 1985 criteria were valid for sites that are not suscep-
tible to lateral spreading or ground oscillation. Naesgaard et al. (1998) developed a simplified
procedure for determining the response of a foundation placed on an existing cohesive crust if

the underlying layer liquifies. This method was mentioned in Chapter 2.

For “conventional” ground improvement applications, the depth of treatment should extend
either to the depth of influence of the structure or to the bottom of the layer requiring im-
provement. The approximate 2:1 load spread method can be used for a first estimate of the
depth of influence of the structure. The load spread method assumes that the stress from a
foundation spreads out beneath the structure on lines with a slope of 2 vertical to 1 horizontal.
The average stress increase at a depth z, assuming rectangular foundation dimensions L and B
and an average pressure of q, can be calculated by the following equation:
o = qLB
(L+z)(B+2)

If more accuracy is needed, a Boussinesq or Westergaard analysis can be used.

Areal extent of treatment: For liquefaction protection, the treatment zone should generally
extend outside the perimeter of the structure at least a distance equal to the thickness of the
treated layer. The performance of sites where space constraints prevented implementation of
this recommendation are discussed in Chapter 6. For “conventional” applications, the treat-
ment zone should extend outside the perimeter at least a distance equal to half the thickness of
the treated layer. This guideéline accounts for the stress increase beneath a foundation based

on the approximate 2:1 load spread method.

Seismic remediation: Liquefaction potential assessment curves (Seed et al., 1984, NCEER,
1997) appear useful for design of ground improvement by densification in seismic areas. The
effects of ground improvement on liquefaction potential for five improved sites that were
shaken in the 1989 Loma Prieta or the 1995 Hyogo-ken Nambu (Kobe) earthquakes are

shown in Figure 44. The liquefaction-no liquefaction boundary curve shown is the consensus
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curve adopted in NCEER (1997) for clean sand and a magnitude 7.5 earthquake. All data
points have been corrected for fines content, overburden pressure and earthquake magnitude
according to the NCEER (1997) recommendations to give the equivalent (Ni)socs and cyclic
stress ratio (CSR) values shown. The closed and open symbols on the figure indicate pre- and
post-treatment SPT (N)socs Values, respectively. The percentage of fines, if known, is shown
on Figure 44 for each facility. If the percentage of fines was not known, the (N1)eo value was
assumed to equal (N1)soe.. For the most part, the liquefiable layers were improved from the
“liquefaction” (left) to the “no liquefaction” (right) side of the liquefaction potential curve.
With the exception of the Kobe Port .Island Warehouse, little or no deformation was reported
at the sites after shaking. From these data, it appears that liquefaction effects will be minor if
the supporting ground is improved by densification to the “no liquefaction” side of liquefac-
tion potential curves for CSR values less than about 0.3, and ground deformations will be re-
duced significantly for highef levels of shaking. For design using the liquefaction potential
curve, the CSR and the percentage of fines, the minimum required (Ni)ocs can be determined

throughout the potentially liquefiable layer.
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Figure 44. Effect of ground improvement on liquefaction potential for sites that were
shaken in the 1989 Loma Prieta and 1995 Hyogo-ken Nambu (Kobe) earthquakes.
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CHAPTER 5
WHAT ARE QA/QC REQUIREMENTS FOR IMPROVED GROUND?

Verifying that the level of improvement required has been obtained is a difficult but extremely
important aspect of ground improvement. Quality assurance and quality control consist of
two phases: observation during construction and geotechnical verification testing after con-
struction is completed. During construction, observations should be made and recorded at
each improvement location, including ground surface movements, the volume of backfill ma-
terial used, grout take, and the amount of energy or pressure expended. After construction,
in-situ methods such as SPT, CPT and/or shear wave velocity testing can be performed to
verify that the level of improvement required is achieved. Laboratory testing can also be used

to evaluate some types of improvement.
Construction Observations

Construction observations provide an initial indication of the effectiveness of the method.
While they cannot be used as the sole indicator that ground improvement has been successful,
they give a general idea of where the treatment has succeeded or failed. In-situ testing can
then be performed in areas where the observations indicate the minimum degree of improve-
ment achieved. Such selective testing will give conservative results regarding the overall level

of improvement achieved.

Different types of ground improvement require different types of construction observations

and sampling. Some of the necessary observations for different methods are described below.
Admixture-Stabilized Soils. During stabilization of soils with admixtures, the most important

observations are the amount of admixture and water mixed into the soil, the amount of mixing

performed, and the amount of compactive effort used on the fill. The moisture content and

89




ETL 1110-1-185
1Feb 99

density of the fill can be determined in the field. The curing time and conditions should also

be recorded. Samples should be taken for laboratory testing.

Roller Compacted Concrete. One of the most important factors in satisfactory performance of
RCC is bonding between layers. Therefore, it is important to observe that bedrock is cleaned
thoroughly prior to placement of the RCC or bedding concrete. Bonding between successive
lifts of RCC depends on the time between placement of successive lifts, temperature and hu-
midity. If lifts are not placed continuously, “cold joints” consisting of bedding concrete may
be required. The time between mixing and placement of the RCC, as well as the time between
placement of successive lifts should be recorded. In addition, the weather conditions, lift
thickness, degree of compactive effort placed on the RCC, wet density and water content of
the RCC, and location of cold joints should be observed and noted. The lift surface and haul
road should be kept clean to prevent the inclusion of soil and other debris in the RCC. Sam-

ples should be taken for laboratory testing.

Deep Dynamic Compaction. Observations during deep dynamic compaction include the
height of the drop, the location of the drop points, the number of drops at each location, and
the crater depth for each drop. The type of backfill and degree of compactive effort used in
the crater should be noted. Based on the average surface settlement and the volume of back-
fill added, the average change in relative density in the improved zone can Be calculated. If

necessary, vibrations should be measured in nearby structures.

Vibro Methods. For vibro methods, it is important to record the location of the treatment
points, the volume and depth distribution of material used to backfill the probe holes, and the
vibroflot energy and time spent densifying the backfill at each location and depth. The settle-
ment of the ground surface should be monitored. These observations give a general indication
of the overall effectiveness of the treatment and the level of densification achieved. As with
DDC, the average change in relative density can be calculated based on surface settlement and
the amount of backfill added.
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Explosive Compaction. When explosive compaction is used, the location of the boreholes and

the depths of the charges should be recorded. After blasting, the surface settlements should
be noted. If water erupts from the boreholes after blasting, it should be noted. If necessary,

vibrations should be measured in nearby structures.

Penetration and Compaction Grouting. For grouting, the following observations should be
made: the location of the injection points; the volume and location of each type of grout in-
jected; depth, pressure, duration of grout injection; and, ground surface elevations before,
during, after construction to check for settlement or heave of the ground or structure. Grout
mix samples should be taken for strength testing. These observations provide information on

where the grout is going in the soil mass and the overall effectiveness of the treatment.

Jet Grouting. Most jet grouting projects require test sections prior to construction to deter-
mine the geometry and quality of treated material that can be obtained. During construction,
it is important to note if the groutixlg parameters and materials are consistent with the ap-
proved test section. As discussed in Chapter 3, the ability to erode the soil with the jets is an
important factor in successful jet grouting. There should be a continuous flow of spoils to the
ground surface during jetting. If there is no spoil return, it is possible that hydrofracturing is
occurring. The rate of rotation and removal of the grout pipe and the rate of material con-
sumption should be monitored. Preliminary assessments of the geometry of the treated
ground can be made by measuring the unit weight of the waste return, however, the best
methods for assessing the geometry are excavation or coring (ASCE, 1997). Wet grab sam-
ples should be taken for strength and permeability testing. If piezometers are installed for
later hydraulic conductivity measurements, the construction details of the piezometers should

be recorded.

Micro-piles, Soil Nailing, and Deep Soil Mixing, During construction, the material quantities
used in construction should be compared to the design quantities. If the material quantities
used are much less than design quantities, it is possible that the ground has “squeezed” into

the hole and the pile or wall integrity could be compromised. In addition, the lengths of the
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piles or nails and the depths of the deep-mixed elements should be recorded. The drilling time

and difficulty, as well as the type and quantity of spoils should be observed for each element.

PV Drains. Prior to installation of the PV drains, a gravel drainage blanket is typically placed.
The thickness of the drainage layer and the type of gravel used should be recorded. The in-
stallation of monitoring devices such as piezometers, settlement platforms and gauges, and/or
inclinometers should be observed. Details such as type of instrument, location, and elevation
should be recorded. During drain installation, the length and location of each drain should be

recorded.

Biotechnical Stabilization and Soil Bioengineering. The USDA Soil Conservation Service has
a chapter in its Engineering Fieldbook (USDA, 1992) that discusses the use of biotechnical
stabilization and soil engineering for slope protection and erosion control. The chapter con-
tains guidelines and directions for use of biotechnical stabilization. Field observations for
planting should include the type and quantity of seed or vegetation being planted, the location
of the materials being plantei and soil, watering and weather conditions. For structural ele-
ments, the location and type of elements should be recorded, as well as fill placement and

compaction procedures behind the structural elements.
Verification Testing

General. The most common methods used for in-situ verification of ground improvement are

SPT and CPT testing. Other methods that may be used include Becker penetration testing
(BPT) for soils with high gravel or cobble contents, shear wave velocity testing and vane
shear testing. The tests are usually performed midway between treatment locations to deter-
mine the properties at the locations that are expected to have the smallest degree of improve-
ment. When determining post-treatment properties, it is preferable to use the same test that
was used to determine pre-treatment properties. On some projects, the lack of comprehensive

data on pre-treatment conditions has made it difficult to evaluate the properties of the treated
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ground. It is also important to consider the time after treatment at which the tests will be

performed, since properties of improved ground often continue to show an increase over time.

Shear wave velocity testing can be used to verify the overall improvement obtained from
compaction grouting or vibro methods; ﬁowever, the results can be difficult to interpret due to
the heterogeneity of the improved ground. Load testing can be used to verify the capacity of
stone columns and axially- or laterally-loaded micro-piles. Inclinometers or movement gauges
can be used to monitor the performance of reticulated micro-pile installations or soil nailed
walls. Coring and excavation are the best techniques for verification of the geometry and

quality of jet grouting and deep soil mixing construction.

Liquefaction Resistance. The properties of the improved ground can be compared with stan-
dard liquefaction potential curves (Figure 44) to assess if the degree of improvement achieved
is satisfactory. As discussed in Chapters 4 and 6, use of SPT (Ny)soes Values obtained in im-
proved ground in conjunction with liquefaction potential curves was generally successful in
predicting the performance of improved sites subjected to the 1989 Loma Prieta and 1995
Kobe earthquakes. "

The use of shear wave velocity testing to verify ground improvement for mitigation of lique-
faction risk is becoming more common. While the available data from liquefaction sites is
somewhat limited é,t this time, shear wave velocity testing offers advantages in that it can be
performed in soils where it is difficult to perform CPT and SPT testing and there are several
techniques available for measurement. The most recent correlations between shear wave ve-
locity and cyclic stress ratio causing liquefaction presented in Andrus and Stokoe (1997) in
NCEER (1997) appear to give reliable results. As these correlations have not been tested as
extensively as the CPT and SPT correlations, they should be used with caution or be used as a

secondary method supporting results obtained using the CPT or SPT.

Hydraulic conductivity. Ground improvement methods are used both for increasing the

overall permeability of a soil layer (e.g., gravel drains for liquefiable layers) and decreasing the
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permeability of a layer (e.g., seepage cutoff). In both cases, the permeability needs to be

evaluated to determine the overall effectiveness of the treatment method.

Pump tests can be used to measure the resultant permeability when jet or penetration grouting
is used for seepage control applications. For jet grouting, pump tests using cast-in-place pie-
zometers are preferred because they are non-destructive and have shown reasonable correla-
tions with measurements from wet grab samples (ASCE, 1997). Results from Packer testing
have not correlated well with results from wet grab samples. Permeability values determined
using cores taken from cemented materials are usually too high owing to the stress release and

micro-cracking that accompanies the sampling process.

Pump tests are not recommended to determine the permeability of stone columns for mitiga-
tion of liquefaction risk (ASCE, 1997). According to a study conducted by Baez and Martin
(1995), field pump tests resulted in permeability values up to two orders of magnitude lower
than obtained from empirical correlations and laboratory tests performed on extracted sam-
ples. This result could possibly be due to the large difference in permeabilities between the
native material and the stone columns and the small column diameter (Baez and Martin,
1995). Therefore, the preferred method is to perform laboratory tests on extracted samples.

Empirical correlations can also be used.

Laboratory Testing

Laboratory testing can be used to evaluate the density, strength and stiffness properties of im-
proved soils, especially when admixtures or grouts are used. Grab samples of the stabilized
soil can be obtained during construction, cured in the laboratory and tested to give an overall
indication of the effectiveness of the treatment. The unconfined compressive strength is a
good indicator of properties in admixture-stabilized soils. For example, lime stabilization can
be considered satisfactory if the compressive strength increases at least 50 psi after curing 28

days at 73 F. If the soil is reactive and this strength increase is obtained, good results can be
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expected with respect to other property values. Strength increases greater than this can be

expected if Portland cement is used as the stabilizer.

Laboratory testing is more expensive and difficult if “undisturbed” samples are required after
construction. The samples can be difficult to obtain, the effects of disturbance can be signifi-
cant, and the sampling can destroy the integrity of the installation. Therefore, in-situ verifica-

tion tests are the preferred method when possible.
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CHAPTER 6
WHAT HAS BEEN THE PERFORMANCE OF IMPROVED GROUND?

Many of the ground improvement methods discussed in this manual have been used for many
years in “conventional” applications such as improving the bearing capacity, slope stabiliza-
tion, increasing the rate of consolidation settlement and improving seepage barriers. Experi-
ence over the past several decades has shown that the required performance in most conven-
tional applications can be obtained if the appropriate ground improvement method is selected
and the design and construction are done well. Xanthakos et al. (1994) present case histories
involving many different types of ground improvement, as well as lists of projects where jet
grouting, densification techniques, and micro-piles were used successfully. Case histories are
also presented in ASCE (1997). An extensive list of jet grouting projects for different appli-
cations is presented in ASCE (1997).

A common "trouble spot" with all types of ground improvment is the difficulty in verifying
that the desired level of improvement has been attained. Another difficulty with grouting and
deep soil mixing occurs in organic soils. Many grouts and additives used for improving soil
require a high pH to set. Organic soils are typically somehat acidic. Therefore, the pH of or-

ganic soils may need to be increased if grouting or deep mixing are used.

The use of ground improvement for mitigation of earthquake hazards is relatively new and
untested. Therefore, the focus of this chapter is on the performance of improved ground sub-

jected to strong ground motions induced by earthquakes.

While various ground improvement methods have been used at many sites to reduce the set-
tlement and lateral spreading caused by earthquakes, very few of these sites have actually been
subjected to strong ground motions. Mitchell et al. (1995) compiled information from more
than 30 improved ground sites which experienced large enough earthquake motions that un-
treated ground liquefied and the effectiveness of various treatment options could be evaluated.

The study showed that ground improvement will help prevent liquefaction and ground failure
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from occurring and reduce the amount of settlement and lateral displacement that can occur if

liquefaction does occur.

The 32 cases studied were located in California and Japan. The California sites were sub-
jected to the 1989 Loma Prieta or the 1994 Northridge earthquake. The Japanese earth-
quakes included the 1964 Niigata earthquake and the 1995 Hyogoken Nambu (Kobe) earth-
quake, as well as three lesser known earthquakes (1968 Tokachi-Oki, the 1978 Miyagi-Ken-
Oki, the 1993 Kushiro-Oki, and the 1994 Hokkaido-Toho-Oki earthquakes). The magnitudes
of these earthquakes ranged from about 6.9 to 8.3. The local ground surface accelerations at
the individual sites ranged from as low as 0.1g to as high as 1.0g. Detailed information on the
1995 Hyogoken-Nambu (Kobe) earthquake is presented in two special issues of Soils and
Foundations (Japanese Geotechnical Society, January 1996 and September 1998).

The types of soil that were improved consisted primarily of loose to medium-dense sands and
sandy silts, many of which were hydraulic sand fills. Prior to treatment, the average (Ni)so
values for the layers requiring treatment ranged from 4 to 23 blows per foot. In most cases,
the relative densities after ground improvement were greater than 75 percent, with post-

treatment (N;)eo values ranging from about 25 to 30 blows per foot.

Types of ground improvement used included vibrocompaction methods, compaction piles,
vibroreplacement stone columns, deep dynamic compaction, gravel drains, compaction
-.grouting and chemical grouting. The predominant method of improvement was vibrocom-
paction by either vibroflotation or vibrorod. Also included in this study were cases where
structures were founded on mix-in-place soil-cement columns instead of conventional deep
foundations or improved ground. Use of deep soil mixing for structural support and for miti-

gation of liquefaction risk are relatively new technologies in the United States.
In studying the 32 case histories, Mitchell et al. (1995) found that in general, improved ground

experiences much less settlement and lateral displacement than untreated ground. When

founded on improved ground, structures and facilities are much less likely to be damaged than
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are similar facilities founded on untreated ground. At several sites in California, treated
ground and facilities built upon it were not damaged due to shaking during the Loma Prieta
earthquake, but adjacent untreated ground experienced severe cracking and/or settlement due
to liquefaction. It is important to note that most of these sites experienced ground accelera-
tions and durations of shaking that were. less than the design values, so the total performance
during the design event was not tested. However, at one site subjected to ground accelera-
tions higher than the design acceleration, no damage was observed. At some improved
ground sites in Japan, liquefaction and associated settlement and lateral displacement did oc-
cur; however, the deformations were significantly less than the deformations experienced at
similar sites where the ground was not treated. Facilities at the treated ground sites experi-

enced significantly less damage than similar facilities on untreated ground.

Mitchell et al. (1995) also noted three sites where the lateral extent of treatment outside the
perimeter of structures was less than the recommended distance equal to the depth of treat-
ment. As these locations, site constraints prevented this width of treatment. Damage was ob-

served at all three of the sites.

In cases where the layer to be improved is below a loose fill layer, installation of ground im-
provement measures or deep foundations may cause improvements to the fill itself through
densification and prestressing. At several sites in Japan, preloading and sand drains were used
for precompression of a soft clay layer overlain by 12 to 20 m of loose hydraulic fill. The
process of sand drain installation was found to increase the SPT resistance of the hydraulic fill
by about 2 to 3 blows per 0.3 m (Yasuda et al., 1996). Settlement data categorized by ground
improvement meéthod is shown in Figure 45. Although the treatments were designed to im-
prove the clay layer rather than the fill, the plot shows that preloading alone, sand drains
alone, and sand drains plus preloading were increasingly effective in reducing the earthquake-
induced settlements (Mitchell et al., 1995).

Sites where gravel drains were used for mitigation of liquefaction risk generally performed

well when subjected to earthquake shaking. Mitchell et al. (1995) report on several cases in

98




ETL 1110-1-185

1Feb 99
. 100 23
90 1 _ O Portlsiand
} Mean Values
80 - ® Rokko Island
10 +~— Range of Measured Values
£ " 25 No. of Measurements
G 60 T
g 7
] 50 -
g [
g 4 21
5 40 31
R 0]
30 11
20 4
- (0]
10 1
[ ] 2 2
0 ] 1 i 1 Ot lg
No Preloading Sand drains Sand drains Vibro-Rod Sand
Compactionn alone alons plus preloading compaction ct:mplcuon
plles

Fighre 45. Measured settlements at improved sites due to the 1995 Hyogo-ken Nambu
(Kobe) earthquake (after Yasuda et al., 1996).

Japan where gravel drains were used alone or in combination with other improvement tech-
niques. It is not clear if the improvement from gravel drains resulted from dissipation of ex-
cess pore pressure or densification of the surrounding ground during installation. Hayden and
Baez (1994) surveyed two sites shaken in the 1994 Northridge earthquake where stone col-
umns were used. The structures at both sites were undamaged and there was no evidence of

ground distress or liquefaction around the structures.

Mix-in-place soil-cement columns appear to be a viable alternative to deep foundations or
ground improvement methods for mitigation of liquefaction risk. Mitchell et al. (1995) re-

ported that eight projects where structures were founded on mix-in-place soil-cement columns

performed well in the Kobe earthquake.

When sites are improved to the “no liquefaction” side of liquefaction potential curves, the ef-

fects of liquefaction should be relatively minor. At five sites in California and Japan subjected
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to either the Loma Prieta or the Kobe earthquake, enough data were available to determine
pre- and post-densification (N})so values throughout the soil profile. In these cases, there was
a reasonable correlation between the performance of the site and predictions of performance

based on standard cyclic stress ratio - (N{)so relationships (Mitchell et al. 1995).

Felio et al. (1990) performed detailed post-earthquake observations of eight soil nailed walls
subjected to shaking during the 1989 Loma Prieta earthquake. The walls ranged in height
from 2.7 to 9.8 m and were subjected to maximum ground surface accelerations between 0.01
and 0.47 g. No cracking or other signs of distress were observed in any of the structures.
Based on the results of the observations, Felio et al. (1990) concluded that soil nailed walls
perform well when subjected to earthquake loading.
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