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CHAPTER 7:  STUDY OF GROUND IMPROVEMENT FOR A SINGLE
PIER

7.1  Overview

One of the objectives of this research, as discussed in Chapter 1, was to evaluate the

feasibility of using different ground improvement types for mitigating the effects of liquefaction

on an existing highway bridge, with particular emphasis on permanent deformations.  This

objective was accomplished by performing parametric studies of the performance of a bridge

pier and stub abutment supported on shallow foundations in liquefiable soils using various

ground improvement configurations.  These studies were conducted by numerical modeling

using the computer program FLAC, Version 3.4, (Itasca Consulting Group, 1999) with the Pyke-

Byrne soil model, which was evaluated for predicting performance for these types of problems,

as discussed in the previous chapter.

In performing the parametric studies, emphasis was placed on evaluating the effect of the

type, properties, size, and location of the ground improvement on the performance of the bridge

pier and stub abutment.  It was of particular importance to determine if ground improvement

could be used to reduce predicted permanent movements of the pier footing and stub abutment to

levels unlikely to cause serious damage to the bridge, based on the movement limits for bridges

discussed in Chapter 4, Section 4.2.1.  This assessment was performed knowing the limitations

of FLAC and the Pyke-Byrne model for predicting displacements based on the verification

analyses conducted and discussed in Chapter 6.

The parametric studies focused on ground improvement methods that were qualitatively

judged to have moderate to high applicability for use at piers and stub abutments, as discussed in

Chapter 2, Section 2.2.  Due to the long run times required for the FLAC analyses, the

parametric study was limited to the effects of different ground improvement methods on the

performance of one bridge and soil profile subjected to one earthquake motion. The use of this

one case does not allow broad generalizations to be made regarding the feasibility of different

ground improvement methods for mitigating the effects of liquefaction at all bridges.  However,
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it does provide insights regarding their potential for improving bridge performance for the

particular case evaluated, and other similar cases.  In addition, the relative effects of the

treatment type, properties, size, and location can be assessed for this case.

This chapter presents the results of the parametric study performed for ground

improvement at a pier supported on a shallow foundation.  Details concerning the conditions for

this case are presented below, along with the results of the analyses and implications for the use

of the different treatment types evaluated.  The results of the parametric study performed for the

stub abutment are presented in Chapter 8.

When evaluating whether various ground improvement methods were successful in

reducing the permanent displacements of a bridge pier to tolerable levels, the movement criteria

given in Chapter 4, Section 4.2.1, for maintaining serviceability of a bridge were used as a guide.

From the information presented in that section, maximum acceptable vertical and horizontal

displacements of 10 centimeters (cm) each were adopted for the pier.  Based on the observation

that the predicted displacements from FLAC with the Pyke-Byrne model were generally within a

factor of two of measured displacements in the verification study (Section 6.4), vertical and

horizontal displacements of 5 cm were set as the upper bounds of tolerable predicted movement.

7.2  Case Evaluated

The bridge from the test problem presented in Chapter 5, Section 5.4.1, was used for the

parametric studies of ground improvement for liquefaction mitigation at a bridge pier and stub

abutment presented in this and the next chapter, respectively.  Figure 5.35 shows an elevation

view of the bridge and soil profile.  Information regarding the bridge pier case is given in this

section, along with details on the soil profile, earthquake motion, ground improvement types,

finite difference grid, and two-dimensional simplifications used in the analyses.

7.2.1  Pier Configuration and Loads

A schematic of the bridge pier used for the parametric study is presented in Figure 5.37

of Chapter 5.  The pier consists of two, four-meter-high columns with a one-meter-high cap

across their tops and supported below on a four-meter-wide by eight-meter-long by one-meter-

thick spread footing.  When performing the dynamic analysis of the pier only the dead load
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acting on the pier was considered to be present during shaking;  live loads were not included in

accordance with the Group VII loading given in the 1996 AASHTO Standard Specifications for

Highway Bridges for seismic conditions.  The dead load at the top of each pier column is 866

kN.

The bridge pier and superstructure supported on the soil profile was modeled in the plane

strain analyses performed with FLAC using a 2-dimensional (2-D) section taken along the

longitudinal axis of the bridge, as shown in Figure 7.1.  In the FLAC analyses, the pier and

supported superstructure were modeled with structural members so the rocking motion acting on

the footing during shaking would be present.  The pier footing was represented by elements in

the FLAC grid that were assigned an elastic material model and given high shear and bulk

moduli similar to the values for concrete.  A series of structural beams were attached along the

top of the footing elements to allow the structural members representing the pier to be rigidly

attached to the footing.

As shown in Figure 7.1, the only structural member shown for the superstructure is a

beam representing the section of the superstructure  having a fixed, pin connection to the pier.

This superstructure beam was assigned a mass which allowed the vertical dead load from that

simply supported span to be properly transferred to the pier prior to shaking.  During simulated

shaking the superstructure beam also exerted a horizontal force on the pier due to its inertia.  On

the opposite side of the pier the superstructure section is supported by a free roller at the top of

the pier and therefore was represented as a point load acting at the top, with the vertical load

being equal to one-half of the span dead load.

In the FLAC 2-D representation of the pier and superstructure, the concrete pier columns

and steel superstructure beams are represented by structural members that are assumed to extend

continuously in the transverse direction (perpendicular to the longitudinal axis of the bridge),

when in reality the columns and beams are spaced at a specified interval.  Therefore, the Young’s

modulus and density of the columns and beams were divided by the transverse spacing between

them before being input into the program.  The properties used for these members are presented

in Table 7.1.  The dynamic response of the pier and superstructure modeled in this fashion in

FLAC was checked against the dynamic response predicted using a computer program in Paz

(1980) for a single-degree of freedom system consisting of a column with a concentrated mass at

the top.  The predicted time histories of displacement at the top of the pier using the two methods
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were similar, indicating that the method of modeling the pier and superstructure in FLAC

appeared reasonable.

To further verify the appropriateness of using structural members and stiff elements to

model the bridge pier and footing, as shown in Figure 7.1, some preliminary FLAC analyses

were performed using this approach.  The results were then compared to those from analyses

where the bridge pier was represented as a point load acting directly on the footing.  Both sets of

analyses were conducted for the pier supported on the soil profile shown in Figure 5.35.  The

predicted settlement of the pier modeled with the point load was relatively uniform and similar to

the average predicted settlement (i.e. – average settlement of points along the top of the tilted

pier footing) obtained for the pier modeled using the structural members.  This good agreement

indicated, once again, that using the structural members to represent the pier and superstructure

seemed to provide reasonable results.  On this basis, the pier and superstructure were represented

in the parametric study analyses using the configuration shown in Figure 7.1.

In the preliminary analyses, it was apparent when using structural elements to model the

pier that the predicted tilt of the pier and footing at the end of shaking was sensitive to small,

inconsequential changes in conditions.  However, the average settlement of the footing, which

occurred at its center, was not affected by these small changes.  Therefore, settlement results for

the pier footing were evaluated and presented in terms of the average value.  The tilt of the

footing was ignored.

7.2.2  Soil Profile

The soil profile used for the parametric study is shown in Figure 5.35; it is the same one

used for the test problem in Chapter 5.  The profile consists of a three-meter-thick medium dense

sand layer over an eight-meter-thick loose sand layer underlain by stronger deposits.  Both sand

deposits have a fine to medium gradation and are liquefiable.  The groundwater level at the site is

at the natural ground surface, which is the top of the medium dense sand layer.  Properties and

parameters used for these soils in the parametric study are given in Table 7.2.

7.2.3  Earthquake Motion

Strong motions from four earthquakes were considered for potential use in the parametric

study.  They included:



214

• 1987 Superstition Hills Earthquake as recorded at the Wildlife Site;

• 1989 Loma Prieta Earthquake as recorded at Yerba Buena Island,

• 1991 Saguenay Earthquake as recorded at Dickey, Maine, and

• 1995 Kobe Earthquake as recorded on Port Island (Geo-Research Institute, 1995).

It should be noted that only one of the two components of horizontal (x) motion recorded

for each earthquake was used, with the selected component having the higher peak acceleration.

In addition, the vertical component of motion was not included in the parametric study to allow

the observed responses during shaking to be tied to the effects of one component of motion.

The Superstition Hills and and Kobe earthquake records were recorded by arrays that

included accelerometers positioned in the ground at depths of 7.5 meters and 16 meters,

respectively.  Since these depths were similar to the bottom of the 11-meter-deep profile being

used for the parametric study, the records were used directly.  On the other hand, the Loma Prieta

record was measured on a rock outcrop; the Saguenay record was believed to be measured on an

outcrop.  Therefore, those two records were propagated upward through a deep soil profile using

the computer program SHAKE (Schnabel et al., 1972) to develop time histories of horizontal

acceleration at 11-m depth. The soil profile was assumed to have a thickness of 71 meters and

consist of alternating layers of sand and normally consolidated clay, as shown in Figure 7.2.  All

four acceleration records were baseline corrected so the final velocity and displacement at the

end of shaking was close to zero.

Normalized response spectra for the acceleration records assumed to develop at 11-

meters depth for the four different earthquakes are shown in Figure 7.3.  As seen from this figure

the periods where peak responses occur in the Saguenay, Superstition Hills, Kobe, and Loma

Prieta records are 0.2, 0.35, 0.35, and 0.63 seconds, respectively.  The Saguenay record was

dropped from consideration due to its high predominant frequency and the Superstition Hills

record dropped due to the similarity of its response spectrum to that of the Kobe record.

Preliminary FLAC analyses of the pier on the liquefiable soil without improvement were

performed using the Kobe and Loma Prieta records scaled to a peak acceleration of 0.23g.  Both

records resulted in similar predicted settlements for the pier footing.  As a result the scaled Kobe

record was selected for use given the fact that it was an actual record of soil response rather than

one generated using SHAKE.
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The horizontal acceleration, velocity, and displacement time histories of the scaled Kobe

record used in the parametric study are shown in Figure 7.4.  It should be noted that the original

acceleration record was filtered to remove frequencies above 10 Hertz to allow the use of larger

elements in the finite difference grid for the dynamic FLAC analyses (Kuhlemeyer and Lysmer,

1973).  The normalized response spectrum of the Kobe record given in Figure 7.3 shows that the

motion incorporates a wide range of periods, including some that are fairly high.  The higher

periods are present in this record because it was obtained with an accelerometer approximately 2

meters above the bottom of an 18-meter-thick, loose, man-made granular fill which was

underlain by a 10-meter-thick, soft silty clay layer and stiffer underlying deposits.  It is reported

that the granular fill liquefied down to a level close to the accelerometer. The higher period

components of motion in the Kobe record may be more significant than might be expected at the

test bridge site for the parametric study, where the soils below 11-m depth were assumed to be

relatively stiff.  However, this record allows the response of the pier and improved ground

system to be tested over a broader period range.

In performing the FLAC analyses for the parametric study using the scaled Kobe record,

the velocity record shown in Figure 7.4 was input at the base of the problem grid rather than the

acceleration record.  This approach was used because of some numerical inaccuracies observed

by others to occur when the acceleration record is integrated in FLAC for use in the dynamic

analyses.  When the velocity record was input, the acceleration and displacement records

computed at the base of the grid by the program closely matched the records shown in Figure

7.4.

The acceleration record in Figure 7.4 indicates that the strong motion, where the peak

acceleration is 0.05g or above, ends at approximately 13 seconds in the scaled Kobe motion.

After 13 seconds the ground motions are smaller and gradually diminish with increasing time.

7.2.4  Ground Improvement Types and Factors

In the parametric study, the performance of the bridge pier in the liquefiable soils with

different improved ground zones was evaluated including:

• no improvement,

• densified zone beneath and around the footing created using compaction grouting,
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• chemically-grouted zone beneath and around the footing created using permeation

grouting, and

• jet-grouted walls constructed on each side of the footing.

A schematic of an improved zone created under and around a pier footing on a shallow

foundation using compaction or chemical grouting is shown in Figure 2.7.  The use of jet-

grouted walls for the same pier is shown in Figure 2.9.

The treatment factors varied in the analyses were dependent in part on the improvement

type being studied, but generally included the properties, size, and/or location of the treated zone.

Details regarding the factors investigated for a particular treatment are given below in the section

discussing that specific improvement type, along with the results of the analyses on the pier

performance with the improvement in place.

7.2.5  Grid and Boundary Conditions

The finite difference grid used for the 2-D FLAC analyses of the pier is shown in Figure

7.5.  The sides of the grid were placed away from the pier footing a distance of five times the soil

thickness beneath the footing.  This distance results in the side boundaries having no significant

influence on the predicted response of the structure being investigated.  The gradation of the grid

was selected so that any further refinement of the mesh would not result in a significant change

in the predicted response of the structure, based on mesh gradations tested during the verification

analyses discussed in the last chapter.

The simulated earthquake motion was applied to the nodes at the base and sides of the

grid using the velocity record for the horizontal direction shown in Figure 7.4, resulting in the

applied motion occurring in the in-plane horizontal (x) direction of the grid.  In addition, the

nodes at the base of the grid were fixed in the vertical (y) direction.  Pore water pressures at the

nodes along the top of the grid were fixed at 0 kPa to be consistent with free-drainage at the

ground surface.

A section of the grid is shown at larger scale in Figure 7.6.  This figure shows various

improved ground sizes investigated and some locations where ground and pier responses were

monitored, as discussed later.
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7.2.6  2-Dimensional versus 3-Dimensional

As mentioned above, two-dimensional (2-D), plane strain analyses were performed of the

bridge pier when the test problem shown in Figure 5.36 is actually 3-dimensional (3-D).  No

attempts were made to adjust the 2-D results for 3-D effects.  Excess pore water pressures in the

treated zones were not adjusted for 3-D pore pressure migration effects.  Additional research

would be required to make such adjustments, including performing 3-D analyses for comparison

with the 2-D analyses.  Although the magnitude of the predicted responses might vary somewhat

between 2-D and 3-D analyses for the test problem evaluated, many of the trends seen in the 2-D

analyses would likely be seen in the 3-D analyses.  The difference between the 2-D and 3-D

analysis results would be expected to diminish as the width of the bridge and bridge pier

increases, provided the unit loading conditions remain the same.

7.3  No Improvement

7.3.1  Single Pier

An analysis of the bridge pier on a shallow foundation was conducted for the case of no

liquefaction remediation.  This analysis was performed to evaluate whether the predicted pier

movements would be excessive with no treatment, as well as provide a base case for judging the

effects of ground improvement on performance.

The predicted vertical movement of the bridge pier during and after shaking is presented

in Figure 7.7.  As seen from the figure, the settlement of the footing is approximately 30 cm (i.e.

– a vertical displacement of -30 cm) when the strong motion ends at approximately 13 seconds.

However, the settlement continues to increase with time and reaches about 38 cm at 26 seconds,

by which time the rate of increase appears to have diminished substantially.

Figure 7.8 shows the relative displacement that occurs in the horizontal (x) direction

between the pier footing and the base of the finite difference grid.  This figure indicates that up

to 14 cm of relative x-displacement occurs during strong shaking.  This relatively large

displacement is primarily a result of the softening and subsequent shear deformation in the soil

beneath the footing during shaking due to development of positive excess pore water pressures.
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The positive excess pore water pressure development in the soil beneath the footing is

confirmed by the excess pore water pressure ratio, ru, predicted for that zone.  The excess pore

pressure ratio, as previously defined, is the magnitude of the pore water pressure that develops

over and above the initial static value divided by the initial effective stress.  As seen from Figure

7.9, the excess pore water pressure ratio at approximately 4.7 meters below the footing (Point P2

in Figure 7.6) reaches as high as 0.6 to 0.7 during shaking.  Although this ratio is lower than the

ru of 1.0 at a point in the free-field (i.e. – point P1 which is about midway between the footing

and side of the grid) at the same depth, it is still high enough to cause significant softening and

deformation. Further confirmation of the significant softening that occurs in the soil under the

footing during shaking is provided by Figure 7.10, where the horizontal velocity predicted at the

top of the footing (Point V1 in Figure 7.6) is plotted against the velocity input at the base of the

grid.  As seen from the plot, the amplitude of the footing velocity is similar to the input velocity

for about the first two cycles of earthquake motion.  After the second cycle, however, there is a

significant decrease in the footing velocity amplitude relative to the base velocity amplitude

indicating that the soil has softened to the point where the footing becomes partially de-coupled

from the base of the grid.

7.3.2  Multiple Piers

In addition to performing an analysis of a single pier for the no improvement case, one

analysis was conducted using three piers spaced at a distance of 21 meters, which corresponds to

the span lengths for the test problem bridge.  The objective of this multiple pier analysis was to

evaluate if the predicted performance of the pier was better or worse with the adjacent piers

included.  The finite difference grid used was the same as shown in Figure 7.5, with the

exception that identical piers were added on each side of the single pier shown, at spacings of 21

meters.  From the three pier analysis the  average predicted settlement of the center pier was 29.3

cm versus the 38.1 cm calculated when analyzing the single pier.  Settlements of the adjacent

piers were also on the order of 28 to 30 cm.  Based on the results from this analysis, using a

single pier appeared to be more conservative for predicting the performance than using multiple

piers.  Therefore, the single pier analysis was adopted for the parametric study.
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7.3.3  Implications

Based on the results of the analyses performed, the predicted movements of a bridge pier

on a shallow foundation supported in liquefiable soil without ground improvement are excessive

for the case analyzed.  These movements would likely result in inadequate performance of the

pier.  Therefore, some type of ground improvement would likely be needed.

7.4  Densification

7.4.1  Properties and Factors

Densification of soils beneath the pier using compaction grouting was considered in the

parametric study.  The factors varied in the analyses were the width of treatment beyond the

footing edges, depth of treatment of the liquefiable soil beneath the footing, and the degree of

soil densification achieved, as summarized in Table 7.3.  In the presentation and discussion of

results, the width of treatment is expressed in terms of a width-to-depth ratio for treatment

calculated by dividing the width of treatment beyond the footing edge, W, by the depth of

treatment below the footing bottom, D.  Likewise, the depth of treatment is expressed in terms of

a depth-to-thickness ratio obtained by dividing the depth of treatment below the footing bottom,

D, by the total thickness of liquefiable soil beneath the footing prior to treatment, H.  The

dimensions used to compute these ratios are illustrated in Figure 7.11.

Based on the information provided in Table 2.2 for compaction grouting, two different

relative densities were considered for the densified sand beneath and around the footing.  In the

first case, densification of the sand to a relative density of 75 percent was assumed, and in the

second case a relative density of 85 percent was used.  The properties assumed for the densified

sand zone, at these two different relative densities, are presented in Table 7.3.  In the evaluation

of the compaction-grouted sand, consideration was only given to the densification resulting from

the process.  The grout columns, and any reinforcement they might provide, were not included in

the analysis.
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7.4.2  Effects on Response and Performance

7.4.2.1  General

One of the cases analyzed for densification remediation at the pier involved improvement

of the sand beneath and around the footing to a relative density of 75 percent.  The depth of

treatment was 10 meters below the footing bottom (depth-to-thickness ratio, D/H, of 1.0) and the

lateral extent was 10 meters beyond the footing edges (width-to-depth ratio, W/D, of 1.0).   As

seen from Figure 7.12, this treatment produced a reduction in the predicted settlement of the

footing at point D1 down to about 5.1 cm, compared to the 38 cm predicted for the no

improvement case.  In addition the settlement essentially stopped at the end of the strong motion

portion of the shaking, which is reached at approximately 13 seconds.

Similar to the settlement, the back-and-forth horizontal displacement of the footing

relative to the base during shaking was substantially reduced by the improvement, as shown in

Figure 7.13.  The pattern of the relative horizontal displacement during shaking was different for

the densification case than the no improvement case.  With no improvement there were cycles of

large horizontal movement during the early stages of shaking (refer to Figure 7.8) whereas with

densification the horizontal displacements were smaller in magnitude (refer to Figure 7.13).  As

discussed later, the predicted horizontal displacement of the pier footing at the end of shaking,

such as the –5 cm shown in Figure 7.13, is not reliable.

The smaller settlements and horizontal displacements that occurred during shaking with

the densified zone, as compared to the no improvement case, can be attributed to the increased

stiffness and strength of the densified material.  The stiffer behavior is reflected in a higher shear

modulus and reduced tendency for volumetric strain due to cyclic shear.  The reduced tendency

for volumetric strain is evident in the excess pore water pressure ratio of about 0.2 to 0.4

predicted under the footing at a depth of 4.7 meters below the footing base (Point P2 in Figure

7.6) during the strong portion of shaking, as shown in Figure 7.14.  By comparison an excess

pore water pressure of about 0.4 to 0.6 was predicted for the same location for the no

improvement case (refer to Figure 7.9).

One potentially adverse effect of densifying all of the liquefiable soil beneath the pier is

the tendency for more of the base motion to be transferred to the pier.  This phenomena is

evident in Figure 7.15 where the time history of horizontal (x) velocity for the pier footing is

essentially the same as the grid base.  In comparison, for the no improvement case the footing
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velocity is only the same as the base for approximately the first two cycles of motion, after which

it is significantly lower (refer to Figure 7.10).

Although the observations cited above provide an indication of the effect that

densification can have on the performance and response of a pier supported on a shallow

foundation, the results will vary depending on the width and depth of treatment, as well as the

degree of densification achieved.

7.4.2.2  Treatment Width and Degree of Densification

The effect of treatment width on the response of the bridge pier was investigated by

varying the distance that the improvement extended beyond the edges of the pier footing.  In

these analyses, the depth of treatment was fixed at 10 meters below the footing base, which

corresponds to the full depth of the liquefiable sands and a depth-to-thickness ratio, D/H, of 1.0.

Figure 7.16 shows the variation of the predicted settlement of the pier footing with the

treatment width expressed in terms of the treatment width-to-depth ratio, W/D, which was

defined earlier (refer to Figure 7.11).  With the exception of a W/D equal to zero, all cases

included treatment of the soils beneath the footing as well as beyond the edges.  The W/D of zero

corresponds to no treatment beneath or around the footing.

As seen in Figure 7.16 the predicted footing settlement resulting from the applied

earthquake motion decreased as W/D increased for the case where the relative density of the

improved zone was assumed to be 75 percent, as well as for the 85 percent case.  For the 75

percent case the predicted settlement was cut almost in half, from 9 cm to 5 cm, when the width-

to-depth ratio was increased from 0.5 to 1.0.  Further increases in the width-to-depth ratio

beyond 1.0 for the 75 percent case were relatively ineffective in reducing the settlement any

further.  This behavior can be attributed, in part, to a W/D of 1.0 producing a settlement only 1

cm greater than the case where the entire soil mass was assumed to have a relative density of 75

percent (indicated by the limit line shown in Figure 7.16). Therefore the settlement with a W/D

of 1.0 was close to the minimum that could be achieved at 75 percent relative density.  Based on

an upper limit of 5 cm for the predicted vertical movement of a pier that is tolerable (refer to

Section 7.1), it appears a minimum W/D of 1.0 would likely be needed to achieve acceptable

settlements for the bridge pier on a densified zone at 75 percent relative density.  For the test

problem bridge considered, this would amount to a continuous zone of treatment extending under

all of the piers.
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Figure 7.16 indicates that a smaller width of treatment can be used to obtain acceptable

settlements of the pier when the densified zone has a relative density of 85 percent.  A W/D of

0.5 resulted in a predicted settlement of approximately 5 cm.  A further reduction in the

settlement of approximately 1 cm was achieved by increasing W/D to 1.0, but probably would

not be justified given the increased area and cost of treatment.  A predicted lower bound

settlement of about 2 cm was obtained for the case where the entire soil mass was assumed to

have a relative density of 85 percent.

Although the effect of the width-to-depth ratio and relative density of the densified zone

on the pier footing settlement appeared to follow a logical trend, establishing the existence of

such a trend for the predicted horizontal displacements was more difficult.  Attempts to evaluate

the predicted horizontal displacement of the pier footing relative to the base of the finite

difference grid included looking at:

• final horizontal displacement at the end of shaking,

• maximum horizontal displacement during shaking,

• peak-to-peak horizontal displacement during shaking (obtained by taking the

difference between the maximum horizontal displacement in each direction), and

• accumulated back-and-forth horizontal displacement of the footing relative to the

base during shaking (i.e. - the distance the footing translates relative to the base

during shaking calculated by summing the distances traversed between reversals in

the time record of the relative horizontal displacement, such as the one shown in

Figure 7.13).

Plots of the predicted horizontal displacement of the footing for different W/D ratios and

two different relative densities (75 and 85 percent) are shown in Figures 7.17 through 7.20 for

the different definitions of horizontal displacement listed above.  As seen from figures 7.17 and

7.18, the predicted final horizontal displacement and maximum horizontal displacement did not

produce consistent trends with changes in the width-to-depth ratio for either relative density.

The variation of the peak-to-peak horizontal displacement with W/D was less erratic than using

the final or maximum horizontal displacements, as seen from Figure 7.19.  However, there was
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still some inconsistency in the trend, with some of the smaller W/D ratios giving lower predicted

peak-to-peak horizontal displacements than higher W/D ratios.

Consistent trends were obtained for the variation of the accumulated back-and-forth

horizontal displacement of the footing with the W/D ratio for the densified zone.  As seen in

Figure 7.20, the accumulated horizontal displacement decreased as the width-to-depth ratio of

the zone increased.  The rate of decrease generally became less as the width-to-depth ratio

continued to increase.  The trend of decreasing accumulated horizontal displacement with

increasing W/D was seen for both relative densities of 75 and 85 percent, with 85 percent

relative density giving a lower horizontal displacement than 75 percent for the same W/D ratio.

Both the 75 percent and 85 percent curves appear to assymtotically approach the lower limit

horizontal displacement obtained when the entire soil mass was assumed to be improved.

A decrease in the accumulated back-and-forth horizontal displacement of the footing

relative to the grid base generally indicates less back-and-forth shear distortion of the improved

zone during shaking.  This should result in less accumulated volumetric strain and lower excess

pore water pressures in the zone overall, resulting in improved stability.  The excess pore water

pressures predicted in the densified zone for the different treatment widths and relative densities

generally seemed to support this concept.

Although logical trends were obtained by plotting the accumulated back-and-forth

horizontal displacement of the pier footing versus the width-to-depth ratio of the treated zone for

different relative densities, there is presently no clear way to compare the accumulated

displacement to the horizontal displacement criteria for bridges to judge performance. The final

horizontal displacement at the end of shaking is the value that is most readily comparable to

conventional movement criteria for bridges, such as those presented in Table 4.1.  However, as

stated above, the predicted trend in the final horizontal displacement was inconsistent.  For this

reason, the pier performance could not be evaluated in terms of the predicted horizontal

movement.  Only a relative comparison of horizontal displacements for different ground

improvement schemes at piers was made using the accumulated horizontal displacements, as

done above for the variations with the width-to-depth ratio and relative density.

It should be noted that improved trends in the variation of the maximum and peak-to-

peak horizontal displacements of the footing with treatment width-to-depth ratio were achieved

by slightly changing the initialization of parameters in the FLAC analyses prior to dynamic
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loading.  The change involved resetting the accumulated volumetric strain parameter for each

element (used in the Byrne volumetric strain formula for the pore pressure generation code) from

a value on the order of 10-6 to 10-7 back to zero after establishing the initial stress state and

switching to the Pyke-Byrne soil model, but before application of the dynamic loading.  This

initialization change, however, resulted in a less consistent trend in predicted settlements for the

pier footing, so it was not adopted.

Unlike the predicted settlement and accumulated horizontal displacement for the pier

footing, the predicted horizontal velocity of the footing was relatively unaffected by variations in

the width-to-depth ratio and relative density of the improved zone for the cases analyzed.  Time

histories of the predicted horizontal velocity at the top of the pier footing, for the different W/D

and relative densities assumed for the dense zone indicate the amplitude of the footing velocity is

similar to the amplitude of the base input velocity for all cases.  In some cases the amplitude of

the footing velocity was up to 10 percent higher than the base input velocity.  In all cases the

footing velocity lagged behind the velocity of the grid base by only a small fraction of a second.

7.4.2.3  Treatment Depth

The effect of treatment depth on the response of the bridge pier was investigated by

varying the depth that the improvement extended below the base of the pier footing.  In these

analyses, the width of treatment beyond the edges of the pier footing was fixed at 10 meters and

the relative density was assumed to be 75 percent.

The variation of the predicted footing settlement with the treatment depth, expressed in

terms of the depth-to-thickness ratio (D/H), is shown in Figure 7.21. As seen from this figure, the

predicted settlement of the pier footing decreased significantly and relatively uniformly as D/H

increased from 0 to 0.9.  An increase in D/H from 0.9 to 1.0 did not result in any further

reduction in footing settlement during shaking.  Based on the results in Figure 7.21, it appears

that a minimum D/H of 0.9 is needed for the case analyzed so that the predicted settlement meets

the 5 cm criteria discussed in Section 7.1.  This value is larger than the lower bound D/H ratio of

0.5 that Liu and Dobry (1997) suggest might be acceptable based on the results of their

centrifuge tests, which are discussed in Chapter 3, Section 3.2.2.2.

A potential benefit of using a partial treatment depth is the tendency for the treated block

and footing to move independently of the underlying soil during earthquake excitation due to the

liquefaction or partial liquefaction of the untreated zone.  This tendency is evident in the plot of
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the accumulated back-and-forth horizontal displacement during shaking versus the depth-to-

thickness ratios for the different cases analyzed, as shown in Figure 7.22.  As seen from this

figure, the most significant reduction of the accumulated horizontal displacement occurred when

D/H was increased from 0.9 to 1.0.  The time history of relative horizontal displacement between

the footing and grid base for the case of D/H of 0.9, shown in Figure 7.23, indicates that the

relative displacement became relatively large after about 7 seconds.  The relative displacement

approached the values seen in Figure 7.8 for the case of no treatment and was substantially

greater than those seen for a treated zone having a D/H of 1.0 (refer to Figure 7.13).

Confirmation that this large relative displacement is due to the isolation of the pier and densified

zone from the base motion, rather than shear distortion of the treated zone itself, is provided by

the time histories of the horizontal velocity for the footing and grid base shown in Figure 7.24.

As seen from this figure, the horizontal velocity of the footing was significantly less than the

base input velocity from about 7 to 13 seconds (end of strong shaking) indicating that the footing

and densified block became de-coupled from the base.  This de-coupling was further confirmed

by the fact the predicted accelerations for the dense zone and footing were significantly lower

than the grid base acceleration from about 6 to 13 seconds.  The results from the analyses

indicate the de-coupling was caused by the build-up of large positive pore water pressures in the

untreated zone resulting in softening and large shear deformations in this material.

It appears that using a treatment depth-to-thickness ratio of 0.9 might be desirable in

terms of limiting the predicted settlement of the pier footing to an acceptable level, as well as

isolating the pier from the later portions of the earthquake motion.  However, any slight

inclination of the ground or the presence of a nearby approach embankment, which were not

accounted for in the analyses discussed above, might cause unacceptable movements of the pier

due to lateral spreading.  In addition, there could be some additional settlement due to

densification of the untreated material that might increase the total vertical settlement to levels

that are no longer acceptable.  Due to the risk of these additional movements, treating only a

portion of the liquefiable soils beneath the pier, rather than the full-depth of liquefiable material,

would probably not be desirable.

7.4.2.4  Excess Pore Water Pressure Migration

Many of the analyses performed to investigate the effects of treatment width and depth on

the densified zone performance were for time periods of 26 seconds, which was approximately
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13 seconds beyond the time when strong shaking stopped.  The potential for excess pore water

pressure migration and resulting increases in displacements after 26 seconds was investigated by

performing some analyses for durations ranging anywhere from 120 to 240 seconds.  These

longer term analyses were done for narrow treatment widths where the effects of migration on

stability and deformation were likely to be greater.  A summary of the cases for which long term

analyses were performed is provided in Table 7.4.

One of the more critical cases evaluated for excess pore water pressure migration was a

densified zone having a relative density of 85 percent, extending 2.8 meters beyond the pier

footing (width-to-depth ratio of 0.28), and penetrating 10 meters below the footing base (depth-

to-thickness ratio of 1.0).  Figure 7.25 shows the excess pore pressure ratio at a depth of 4.1

meters below ground surface (3.1 meters below the footing base) in the untreated free-field

(point P3 in Figure 7.6) and in the densified zone underneath the center of the footing (point P4

in Figure 7.6).  As seen from this figure, the excess pore pressure ratio, and hence the excess

pore water pressure, under the footing peaks at about 90 seconds and starts decreasing at about

120 seconds whereas the free-field ru peaks at about 30 seconds and starts to decrease at about 50

seconds.  The excess pore water pressure curve for the point P4 under the center of the footing

shows that substantial migration occurred into the densified zone.

Figure 7.26 shows the number of elements in the densified zone with fully mobilized

strength at different times after the start of shaking.  As seen from the figure, there is an increase

in the number of elements in the zone with fully mobilized strength until a time of about 180

seconds, after which the number of these elements decreases slightly.  This trend indicates that

migration may increase the potential for failure of a pier footing after strong shaking has stopped.

In this particular case, the migration did not significantly increase the vertical or horizontal

movement of the footing beyond  that observed at the end of 26 seconds, even though there was

an increase in the number of elements in the densified zone with fully mobilized strength up to

180 seconds.  The movements did not increase significantly in part because the pattern of these

elements did not produce a distinct failure surface.  Therefore, migration did not change the

overall performance of the pier in this case.  The fact that the number of elements with fully

mobilized strength continued to increase even after 120 seconds, when the pore water pressures

in the densified zone appeared to peak and decrease, may be due to some re-distribution of
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stresses in the finite difference grid. This re-distribution phenomenon may be more numerical

than real.

The other long-term analyses performed for densified zones summarized in Table 7.4

also did not indicate any significant increase in the vertical and horizontal movement of the pier

footing after 26 seconds.  However, like the case just discussed there were increases in the excess

pore water pressures in the densified zone and also in the number of elements within the zone

with fully mobilized strength.  For all of the long-term analyses performed, failure due to excess

pore water pressure migration was not predicted.

A comparison was made of the peak excess pore water pressures predicted at points

inside densified zones of different widths.  The points were at a depth of 5.5 meters below the

ground surface and horizontal distances into the dense zone from the loose-dense boundary of

approximately 1.5, 4.5, and 6.5 meters.  The data indicates that the peak pore water pressure was

approximately the same at a given horizontal distance from the boundary regardless of the

distance between the edge of the footing and the loose-dense boundary.  This observation seems

consistent with results from a series of shaking table tests performed by Taguchi et al. (1992) on

a liquefiable sand layer with a densified zone supporting a surface load.  From those

experiments, in which the distance of the surface load from the loose-dense boundary was varied,

Taguchi et al. (1992) concluded that the surface load may initially affect the pore water pressure

that develops in the dense zone during the early stages of shaking.  However, they found that the

maximum value of excess pore water pressure at a point of given depth in the dense zone is

dependent only on the point’s distance from the loose-dense boundary and not the proximity of

the surface load to the boundary.

One analysis was performed to investigate the use of drains along the perimeter of the

densified zone for reducing pore water pressures in the zone due to migration.  This analysis was

conducted for the case previously discussed consisting of a zone densified to 85 percent relative

density, extending 2.8 meters beyond the pier footing edge (W/D = 0.28), and extending to a

depth of 10 m below the footing (D/H = 1.0).  Figure 7.27 shows the excess pore water pressure

ratio predicted under the center of the footing at a depth of 3.1 meters below the footing bottom

(point P4 in Figure 7.6) for the case with and without “perfect” drains along the loose-dense

boundaries.  For the case including “perfect” drains, pore water pressures at nodes on the

boundary were fixed at static levels.  As seen from the figure, the “perfect” drain restricted the
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rise of excess pore water pressures in the densified zone due to long-term migration.   Despite

this limiting effect on the pore water pressures that developed in the dense zone with the

“perfect” drain on the perimeter, there was no obvious reduction in the predicted movement of

the pier or the number of elements in the densified zone with fully mobilized strength at the end

of 120 seconds.  The reason why the number of these elements existing at 120 seconds was not

reduced requires further investigation.

7.4.3  Implications for Use

Based on the results of the analyses performed, it appears densification improvement can

be used to mitigate the effects of excessive settlement on a bridge pier supported on a shallow

foundation for loading and soil conditions similar to the test problem.  Although treating the

liquefiable soil beneath the footing to only 90 percent of full depth appears attractive from the

standpoint of reducing settlements and motions of the pier, the potential for lateral spreading

deformations and additional densification settlements probably precludes the use of this

approach.  The full depth of liquefiable soil will likely need to be treated in many cases.

For cases where the full depth of liquefiable soil is treated, the settlement of the pier can

be reduced by increasing the distance that the densified zone extends beyond the edges of the

footing.  However, there appears to be a limiting width for the densified zone beyond which

further increases in width do not significantly reduce the magnitude of settlement.  As expected,

for a given width of treatment, the higher the relative density of the densified zone the smaller

the expected settlement of the pier footing.  Therefore, the higher the relative density of the soil

that can be achieved by improvement, the smaller the densified zone width that can likely be

used for mitigating liquefaction-induced damage provided that migration of excess pore water

pressures from adjacent unimproved zones will not cause failure.

As discussed above, it appears that treatment widths on the order of 0.5D beyond the

edge of the pier footing may produce adequate performance in terms of predicted settlement

provided the densified zone has an adequately high relative density (85 percent in the test

problem evaluated).  This observation appears consistent with results from centrifuge tests by

Liu and Dobry (1997) and shaking table tests by Hatanaka et al. (1987).  In these tests densified

zones that extended relatively small distances beyond the edges of model footings dramatically

reduced settlement of the footings compared to cases where no improvement was used.
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The significant reduction in footing settlements obtained with narrow treatment widths

suggests that defining an unstable zone along the perimeter of a densified zone using a line

drawn upward at an angle of 30 to 35 degrees to the loose-dense boundary (based on the work of

Iai et al., 1988, and Akiyoshi et al., 1994), as shown in Figure 4.1(a), can be overly conservative

when a structure is present.  This guideline for an unstable zone was developed based on shaking

table tests and numerical analyses where no surface load was present on the densified zone, and

the excess pore water pressure ratio that developed within the unstable triangular area was

determined to be 0.5 or greater.  However, when a surface load is present near the loose-dense

boundary the vertical effective stress is increased in the soil within the densified zone.  This

increase in effective stress results in lower ru values developing close to the loose-dense

boundary, thereby improving the soil stiffness and stability compared to the case where no

surface load is present.

The long-term analyses performed for the test problem pier with various treatment widths

indicated that excess pore water pressure migration occurred, causing peak pore water pressures

to be reached in some areas of the densified zone after shaking stopped.  However, this migration

did not cause further increases in the footing settlement or lead to a post-shaking failure of the

footing.  At this point it is not clear whether these observations generally apply to other cases

involving migration; this requires further investigation.

As discussed above only the accumulated back-and-forth horizontal displacement of the

footing relative to the grid base during shaking appeared to provide a reasonable trend in results

with changes in the width-to-depth and depth-to-thickness ratios of treatment.  The predicted

final, maximum, and peak-to-peak horizontal displacements gave somewhat inconsistent trends.

This limits the ability to use the predicted horizontal movements from the FLAC analyses with

the Pyke-Byrne model to predict performance, because the accumulated horizontal displacement

can not be compared directly to conventional movement criteria for bridges.  Further study is

required for understanding and improving the prediction of the horizontal pier displacement so it

can be used directly, along with the predicted settlements, to evaluate performance.
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7.5  Chemical Grouting

7.5.1  Properties and Factors

Improvement of the soil beneath and around the pier by performing permeation grouting

using chemical grout consisting of sodium silicate was considered in the parametric study.  The

only factor varied in the analyses was the width of the grouted zone beyond the edge of the pier

footing.  The base of the grouted zone was fixed at 10 meters below the bottom of the footing,

such that the entire thickness of liquefiable soils beneath the footing was treated.

Table 7.5 presents a summary of properties used for grid elements representing

chemically-grouted soil in the FLAC analyses.  Two sets of values are presented:  one for an

element where failure of the grouted material has not occurred and another for an element where

it has occurred.  Initially all of the elements for the grouted material were given properties for the

case of no failure.  However, once an element reached failure during loading the properties were

changed to those applying to the post-failure condition.

The properties presented in Table 7.5 are based on the use of sodium silicate grout

containing approximately 40 to 50 percent silicate by weight, which is the upper limit of silicate

content that could likely be used for sands of fine to medium gradation.  A Mohr-Coulomb

failure criteria was used for the grouted sand, with an effective friction angle, φ’, and effective

cohesion, c’, input for the material.  The effective cohesion, c’, was determined based on an

assumed φ’ of 33o and an unconfined compressive strength of 300 kPa.  The tensile strength of

the grouted sand was taken as one-tenth of the  unconfined compressive strength.  Upon initial

failure the cohesion and tensile strength were reduced to zero, leaving only the frictional

component of strength.

The grouted material was assumed to have a hyperbolic type, non-linear stress-strain

behavior, which is consistent with behavior reported in the literature (i.e. – Clough et al., 1979;

Tan and Clough, 1980; Li and Woods, 1987; Chang and Woods, 1987; Maher et al., 1994).  This

non-linear behavior was modeled using the Pyke-Byrne soil model implemented in FLAC, as

described in Chapter 6, Section 6.2.2.2.  The shear modulus number, K2max, for the loose sand

that was grouted was taken as two times the value for the ungrouted loose sand, which is

consistent with data presented on the dynamic stiffness of chemically-grouted sand presented by

Li and Woods (1987).  K2max for the medium dense sand that was grouted was conservatively
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assumed to be the same as the grouted, loose sand.  K2max for both grouted sands was reduced to

the value for the ungrouted, loose sand when failure was reached.

For simplicity excess pore water pressures were assumed not to develop in the chemically

grouted sand due to cyclic loading in the FLAC analyses performed.  This simplifying

assumption was made in part because inadequate data was available to judge the suitability of

using the Byrne volumetric strain formulation to represent the behavior of the grouted sand.

Data from cyclic simple shear and triaxial tests indicate that chemically-grouted can liquefy

during dynamic loading (i.e. - Maher et al., 1994).  However, the bonding of the sand particles to

each other by cementation tends to restrict pore water pressure development and increases the

number of cycles to liquefaction significantly.  Therefore, the assumption of no excess pore

water pressure development in the grouted sand was considered a rough approximation sufficient

for the purposes of the parametric study performed.  This assumption was used for elements

representing the grouted zone, even if that element failed at some point during loading.  To

prevent the development of unrealistic pore water pressures in the cemented zone during the

dynamic analyses, the pressures were fixed at static levels during and after strong shaking, even

in elements that failed during dynamic loading. The first column of ungrouted sand elements

immediately adjacent to the grouted zone was assigned a low permeability of 1 x 10-7 cm/sec to

prevent the grouted elements with fixed pore water pressures from having an unrealistic

influence on the pressures in the untreated zones.

The FLAC grid used to perform the analyses for the chemically-grouted cases was the

same as that shown in Figure 7.5 for the densified zone case, with the exception that two rows of

elements were added to the bottom of the grid.  These two additional rows of elements, which

had a combined thickness of 2 meters, were assumed to represent a very stiff, non-liquefiable,

underlying layer having a low permeability that was not chemically-grouted.  The elements

representing this layer were assigned properties to transmit the earthquake motion to the

liquefiable sands without amplifying it or undergoing significant deformation.  By including this

stiff layer the grouted block was free to rock about its base, as opposed to being fixed at the base.

All of the elements in the grouted zone were assigned the properties given in Table 7.5,

with the exception of a one-element width around the pier footing elements.  The elements in this

one-element width zone were assigned the strength and stiffness properties of ungrouted sand to

account for poor bonding between the footing and grouted soil.
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In order to simulate the stress conditions in the ground at an existing bridge pier where

chemical grouting is later performed for remediation, the initial stress state was determined using

properties for ungrouted soil under the pier.  This method of establishing the initial stress state

was based on the assumption that chemical grouting by permeation methods has little effect on

the stress state in the soil supporting the footing.  Once the initial stress state was established, the

strength and stiffness properties of elements in the grouted zone were changed to those assumed

for grouted material.  Dynamic loading was then applied to the system and the response

obtained.

7.5.2  Effects on Response and Performance

7.5.2.1  General

An example of the effect that chemical grouting has on the response of a pier footing can

be seen from the case analyzed where the grouted block penetrated to a depth of 10 meters below

the footing bottom (depth-to-thickness ratio, D/H, of 1.0) and extended outward beyond the

edges a distance of 5 meters (width-to-depth ratio, W/D, of 0.5).   The time history of vertical

displacement at the pier footing for this case, shown in Figure 7.28, indicates that the settlement

at the end of shaking was approximately 5.5 cm.  This settlement is similar to that predicted for a

densified zone having the same size and improved to 85 percent relative density.  However, as

seen from Figure 7.28, the predicted settlement for the grouted case does not exceed 1 cm until

after approximately 7 seconds, after which time it increases rapidly.  On the other hand, in the

densified zone case the settlement increases gradually, with 1 cm being reached prior to 5

seconds, in a fashion similar to that shown in Figure 7.12 for a larger densified zone at 75

percent relative density.  The settlement of the grouted zone case is substantially less than the 38-

cm settlement predicted for no improvement at the pier.  As discussed in the next section, a

settlement of approximately 5 cm was also predicted for a grouted zone having a width of 2.8 m

beyond the footing edge.

The time history of back-and-forth horizontal displacement of the footing relative to the

grid base for the chemically-grouted zone with W/D  = 0.5, shown in Figure 7.29, follows a

pattern similar to the settlement.  No significant relative displacement starts occurring until after

about 7 seconds.  On the other hand, significant movement starts occurring at approximately 4

seconds for a densified zone of the same size having 85 percent relative density (refer to Figure
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7.13 showing the relative horizontal displacement for a larger size zone at 75 percent relative

density having a similar record).  The accumulated horizontal displacement predicted for the

chemically-grouted case at the end of shaking is approximately 60 cm versus 72 cm for the

densified zone at 85 percent relative density.

The time histories of settlement and relative horizontal displacement shown in Figures

7.28 and 7.29 for the chemically grouted zone indicate that deformation of the grouted zone and

resulting movements of the pier footing were initially smaller than obtained for a densified zone

of the same size at 85 percent relative density.  This behavior is likely a result of the strength and

stiffness of the grouted soil, which initially inhibit failure and large shear distortion of the

grouted zone.

As shown in Figure 7.30, the predicted horizontal velocity at the top of the pier footing

for the grouted zone case is similar to the horizontal velocity input at the base of the grid, except

it is amplified up to approximately 20 percent.  This behavior is similar to that observed for the

densified zone of the same size having a relative density of 85 percent, where the amplification

was closer to 10 percent.

The results described above indicate that a chemically-grouted zone can be used to

reduce the movement of the pier footing, and thus improve performance.  However, the degree of

improvement is dependent in part on the width of the grouted zone used.

7.5.2.2  Treatment Width

The width of the chemically-grouted zone used at the pier footing was varied from 0.7 to

10 meters beyond the footing edge.  For the fixed treatment depth of 10 meters below the footing

bottom (depth-to-thickness ratio, D/H, of 1.0) this corresponded to a variation of the width-to-

depth ratio, W/D, of 0.07 to 1.0.  The effect of the change in width on the predicted settlements

and relative horizontal displacements of the footing are shown in Figures 7.31 to 7.35.

As seen from Figure 7.31, increasing the width-to-depth ratio of the grouted zone resulted

in a decrease in the predicted settlement of the pier footing.  The decrease in the predicted

settlement with increasing W/D from 0.07 to 1.0 is relatively uniform, with the exception of a

discontinuity at a W/D of 0.5.  It appears that a treated zone width-to-depth ratio of

approximately 0.3 to 0.5 would be required to reduce the predicted pier settlement to about 5 cm,

which is the approximate upper limit of predicted settlement that is tolerable, as discussed in

Section 7.1.
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Figure 7.32 shows the variation of the accumulated back-and-forth horizontal (x)

displacement of the pier footing relative to the grid base during shaking with the width-to-depth

ratio of the grouted zone.  The accumulated horizontal displacement decreases with increasing

W/D, with the magnitude of decrease becoming progressively smaller as W/D increases.  The

accumulated horizontal displacement for a W/D of 0.28 is only about 10 percent larger than that

obtained for a densified zone at 85 percent relative density with a W/D of 0.5 or 75 percent

relative density with a W/D of 1.0 (refer to Figure 7.20).  This seems to indicate that the

horizontal displacement performance of the pier supported on the chemically-grouted zone

having a width-to-depth ratio of 0.28 is similar to that of the pier on these particular densified

zones.

In addition to the accumulated horizontal displacement, the predicted peak-to-peak

horizontal displacement for the pier footing on a chemically-grouted zone consistently decreases

with an increasing width-to-depth ratio.  As seen from figure 7.33 both W/D of 0.28 and 0.5 have

similar predicted peak-to-peak displacements, with 0.28 having a value of 11 cm and 0.5 having

a value of 10 cm.  Like the accumulated horizontal displacement, these values are similar to

those obtained for a densified zone with W/D of 0.5 and a relative density of 85 percent or a

W/D of 1.0 and a relative density of 75 percent (refer to Figure 7.19).

Plots of the predicted maximum and final horizontal displacements versus the width-to-

depth ratio of the grouted zone are presented in Figures 7.34 and 7.35.  In the plot of the

maximum displacement, the general trend is one of decreasing horizontal displacement with

increasing W/D, with one discontinuity at a W/D of 0.5.  Unlike the other plots, there is no clear

trend in the predicted final horizontal displacement, which is the value that can be most readily

compared to tolerable limits of horizontal displacements for bridges.  Therefore, the pier

performance on the grouted zone could not be directly evaluated in terms of horizontal

movement.

7.5.2.3  Extended Duration

Despite the fact that the pore water pressures in the chemically-grouted zone were fixed

at static levels for the FLAC analyses, analyses having durations up to 240 seconds were

performed for the case where the width-to-depth ratio of the zone was 0.28.  There was no

noticeable increase in the predicted settlement and horizontal displacement of the pier between

26 seconds and 240 seconds.  However, there was an increase in the number of elements with
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fully mobilized strength in the untreated zone until 120 seconds and in the grouted zone until

about 240 seconds, at which time the rate of increase appeared to be declining.  The increases in

the number of elements with fully mobilized strength occurred despite the fact pore water

pressures generally started decreasing after 26 seconds.  One potential explanation for the

increase might be some redistribution of stresses between the elements over time, particularly as

the stress state in the liquefied elements changed due to drainage.

7.5.3  Implications for Use

Overall, the results of the parametric study performed for the bridge pier supported on the

chemically-grouted zone that extended completely through the liquefiable soils (D/H of 1.0)

indicated that this method of improvement was successful in reducing the predicted settlements

of the pier to tolerable levels.  Based on the analyses performed it appears that a width-to-depth

ratio on the order of 0.3 to 0.5 was needed.  A grouted zone of this size resulted in predicted pier

settlements similar to those obtained for a densified zone at 85 percent relative density having a

W/D of 0.5 and a zone at 75 percent relative density having a W/D of 1.0.  Therefore, these

analyses indicate that some reduction in the treated zone width at the bridge is potentially

possible using chemical grouting, as opposed to densification by compaction grouting.

Although the analyses indicate that chemical grouting was successful in improving the

performance of the bridge pier, a number of simplifying assumptions were made in those

analyses.  In particular, it was assumed that no excess pore water pressure was generated in the

chemically-grouted zone during shaking and no migration of excess pore water pressure occurred

into the zone after shaking stopped, even for grouted elements that had failed.  Improvements in

modeling the pore water pressure generation and migration characteristics of the chemically-

grouted soil are needed to improve the prediction of its performance and make more definitive

assessments of its use as a remediation measure.

7.6  Jet Grouting

7.6.1  Properties and Factors

The use of jet-grouted walls around the pier footing to improve the predicted

performance was investigated.  An illustration of this method is presented in Chapter 2, Figure
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2.9.  In performing the FLAC analyses of the pier footing surrounded by a jet-grouted wall, the

same basic grid shown in Figure 7.5 was used in the analyses.  Since the analyses performed

were only two-dimensional, the problem was simplified by modeling only a vertical section of

the pier taken along the longitudinal axis of the bridge, as shown in Figure 2.9(a).

In modeling the jet-grouted wall, a linear elastic-perfectly plastic, shear stress-strain

behavior was assumed for the jet-grouted material, with failure conditions defined by the Mohr-

Coulomb envelope.  The jet-grouted material was given a cohesion (based on an assumed

unconfined compressive strength), but its friction angle was taken to be zero.  Cohesions of 750,

1500, or 2250 kPa were used in initial analyses performed for jet-grouted walls, with the walls

having thicknesses of 0.7, 1.4, or 2.8 meters and the wall base fixed in both the horizontal (x)

and vertical (y) directions.  In the preliminary analyses, large pier movements occurred due to

failure of the wall material during the early stages of shaking.  As a result, a cohesion of 2250

kPa and wall-thickness of 2.8 meters were used for the parametric study analyses.  In addition

two rows of elements, having a total thickness of 2 meters, were added at the bottom of the finite

difference grid to represent a stiff, non-liquefiable soil layer having a low permeability beneath

the liquefiable sands.  The jet-grouted wall was embedded one meter into this stiff layer.  The top

of the walls on each side of the footing were tied together with a rigid beam element, placed one

meter below the bottom of the footing, to simulate the presence of crosswalls near the ends of the

pier footing (located along a line perpendicular to the longitudinal axis of the bridge).

Preliminary analyses performed without the rigid beam predicted excessive pier settlement due

to rotation of the walls outward.

The material property values used for the jet-grouted material in the parametric study are

given in Table 7.6.  The cohesion of 2250 kPa used for the jet-grouted wall material was based

on fifteen percent (Xanthakos et al., 1994) of an assumed unconfined compressive strength of

15000 kPa  (Langbehn, 1986;  Kausingher and Welsh, 1989) for the jet-grouted material.  A

tensile strength of 1500 kPa, which is ten percent of the unconfined compressive strength

(Xanthakos et al., 1994) was used for the material.  The Young’s modulus was taken as

approximately 300 times the unconfined compressive strength, from which the shear and bulk

moduli were computed using a Poisson’s ratio of 0.3.

Since the jet-grouted walls were located below the groundwater table, the walls were

treated as completely saturated in the FLAC analyses like the surrounding untreated soil.  To
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avoid the development of potentially unrealistic pore water pressures within the wall as it

deformed, the bulk modulus for water within the wall was set at a low value of 10 kPa and the

pore water pressures at the nodal points within the wall were fixed at static levels.  The first

column of ungrouted sand elements immediately adjacent to the sides of the jet-grouted zones

were assigned a low hydraulic conductivity (5 x 10-7 cm/sec) to prevent the jet-grouted elements

with fixed pore water pressures from having an unrealistic influence on the pressures in the

untreated zones.

The initial stress-state prior to shaking was evaluated by applying the footing load to the

FLAC grid with jet grout properties assigned to the elements representing the wall, but without

the rigid beam tying the tops of the walls together.  This approach was adopted to account for the

potential effect of the wall installation on the stress distribution in the ground adjacent to the

existing pier, but recognizing that the walls on each side of the footing would not be tied together

by cross-walls until the installation was complete.  Once the initial stresses were established, as

just described, the rigid beam was installed to tie the walls on each side of the footing together,

thereby modeling the presence of the cross-walls. The grid was then subjected to the simulated

earthquake shaking.

The parametric study analyses performed were primarily set up to investigate the effect

of the distance between the walls on each side of the bridge pier footing on the predicted

performance of the pier.

7.6.2  Analyses and Results

7.6.2.1  Effect of Wall Spacing

Three separate analyses were performed for jet-grouted walls located on each side of the

pier footing at horizontal distances of 0.7, 1.4, and 2.2 meters from the footing (edge of footing

to closest edge of wall), and extending 1 meter into the stiff soil layer under the liquefiable

sands.  An example of the time histories of vertical (y) displacement and horizontal (x)

movement of the footing (relative to the grid base) obtained from the analyses are provided in

Figures 7.37 and 7.38 for the wall-to-footing spacing of 1.4 meters.  As seen from these figures,

most of the footing movement appears to occur during the first 13 seconds of the input ground

motion, with relatively minor movements occurring thereafter.  These trends appeared consistent

with those obtained for pier footings supported on densified zones.
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A plot of the predicted footing settlements for the three different wall-to-footing spacings

is shown in Figure 7.39. Results for two cases are presented in this plot.  The first case is the jet-

grouted walls with no vertical drains installed along the inside edges of the walls.  The second

case is the same as the first but with “perfect” vertical drains installed along the inside edges of

the wall. As seen from this figure, the predicted footing settlement increases as the wall-to-

footing spacing increases, as expected.

From the analyses of the jet-grouted walls with no drains, it appeared the predicted

settlement of the pier footing could be reduced to about 5 cm using a wall-to-footing spacing

somewhere between 0.7 and 1.4 meters.  Despite these relatively small settlements, the predicted

pore water pressures in the soil elements within the jet-grouted walls appeared high, with some ru

values on the order of 0.8 to 1.0.  In addition, the results indicated extremely high upward flow

gradients for the surficial soil elements between the edges of the footing and the jet-grouted

walls.  These high gradients were offset in part due to relatively large increases in the total

vertical stresses in these elements resulting in a net compressive effective stress.  However, the

increases in the vertical total stresses were suspect because these elements were along the ground

surface.

To check whether the results for the “no drain” cases were realistic, “perfect” drain

analyses were performed by fixing the pore water pressures at the nodes along the inside edges

of the walls to static values.  This change should have reduced pore water pressure development

in the untreated soil contained between the walls during shaking, resulting in greater stability and

perhaps reducing predicted settlements.  However, when the “perfect” drain simulations were

performed, much larger settlements were predicted for the pier footing for wall-to-footing

spacings of 0.7 and 1.4 meters, as shown in Figure 7.39.  These settlements were excessive and

indicated unacceptable performance for the pier.

The predicted results obtained for the “perfect” drain cases seem to indicate the results

obtained without the drain may not be realistic, despite the fact the predicted settlements appear

acceptable and follow a logical trend with changes in the spacing between the wall and footing.

The reason for the smaller settlements obtained for the no drain case are not readily apparent at

this time.  However, the high excess pore water pressures predicted to develop in the untreated

soils between the walls, and unusual increases in the vertical total stresses in elements at the

ground surface between the footing and walls, indicate these analyses may have converged on an
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unrealistic set of equilibrium conditions.  As a result, when a change was made in the boundary

conditions (i.e. – the addition of the “perfect” drains) that should have improved performance, it

was predicted to be worse.  The difficulty in obtaining consistent results for these cases may be

due to inadequate modeling of certain phenomena, such as the complex interaction between the

soil, walls, and footing.

7.6.2.2  No Footing Case

As a result of the potentially unrealistic results obtained from the analyses of a pier

footing supported on liquefiable soils between jet-grouted walls, analyses were performed

without a pier footing for three different wall spacings (2.4, 5.4 and 8.4 meters measured

between the inside edges of the walls).  The objective of the analyses was to evaluate whether the

effect of the walls on the predicted response of the contained soils appeared logical.  Centrifuge

test results by others for this type of problem indicated that as the ratio of the wall spacing to

liquefiable soil depth decreased, there was a reduction in the measured excess pore water

pressure ratio that developed in the liquefiable soils between the walls, as shown in Figure 7.40.

Examples of the time histories of excess pore water pressure ratio, ru, predicted with

FLAC at two depths for soils in the free-field and between jet-grouted walls spaced at 5.4 and

8.4 meters, respectively, are presented in Figures 7.41 and 7.42.  As seen from Figure 7.41, there

is a clear difference in the predicted excess pore water pressure ratio at 9.5-meters depth below

ground surface in the free-field (Point P5 in Figure 7.6) and between the walls (Point P6 for both

wall spacings).  This difference is not as clearly evident in Figure 7.42 for the depth of 4.1

meters (Point P7 for free-field and P8 for between walls).  As expected the pore pressure ratio for

the point between the walls is generally smaller for the 5.4-m spacing than the 8.4-m spacing.

The predicted reduction in excess pore water pressure ratios for these wall spacings were not as

large as those seen in the centrifuge tests by others (Figure 7.40), and in some analyses the ru

values in elements between the walls were to similar the free-field values.

Another analysis conducted for a wall spacing of 2.4 meters resulted in excess pore water

pressure ratios higher than those predicted for 5.4 and 8.4 meters.  The reason for the higher pore

water pressures in the 2.4-m case is not readily apparent, but could potentially be a result of the

close proximity of the walls to each other combined with inadequate modeling of the soil-wall

interface.
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7.6.3  Implications for Use

The results of analyses for the pier footing enclosed by jet-grouted walls indicate the

modeling of this problem was not successful using the Pyke-Byrne model and the specified

boundary conditions.  Although some logical trends were obtained in the predicted pier

settlements for varying wall-to-footing spacings with no perimeter drains, the results do not

appear consistent with those obtained using drains, where the performance was not satisfactory.

The inconsistencies in the results obtained for the jet-grouted wall cases indicate that the

current method of modeling this particular problem are inadequate.  Therefore, no conclusions

can be drawn from these analyses regarding the mitigation of liquefaction effects on a bridge pier

using this improvement technique.

7.7  Insights Regarding Remediation at Piers

From the parametric study analyses of ground improvement, several insights have been

gained on the effectiveness of densification and cementation of liquefiable soils for liquefaction

remediation at an existing bridge pier on a shallow foundation with loading and site conditions

similar to the test problem.  These insights are given below.

• Densification improvement performed by compaction grouting, or a similar method,

can be used to reduce pier settlements to magnitudes on the order of 5 to 10 cm,

which is generally within the tolerable range for bridges.  Improvement of the

liquefiable soil to relative densities of 75 to 85 percent, or higher, is likely necessary

to achieve adequate performance.

• Bridge pier settlement will decrease as the width of the densified zone increases.

Width-to-depth ratios for treatment in the range of 0.5 to 1.0 are likely necessary to

achieve adequate performance.  As the width of treatment increases the pier

settlement decreases, but there is a treatment width limit beyond which no substantial

reduction in settlement occurs.  These results appear to be consistent with those

observed by Hatanaka et al. (1987) in shaking table tests.

• A higher relative density for the densified zone generally results in a narrower

treatment width being required to reduce settlements to acceptable levels.  However, a

narrower treated zone will result in higher pore pressures developing under the pier
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footing due to migration from surrounding liquefied soils.  The higher pore pressures

in narrower densified zones are consistent with results obtained in shaking table tests

by Taguchi et al. (1992).  No migration induced failure was observed in the densified

zone cases analyzed in the parametric study using FLAC.  However, post-shaking

failures of structures supported on liquefiable soils have been documented in past

earthquakes, and could have been the result of pore pressure migration.

• Installing “perfect” drains along the perimeter of the densified zone in the FLAC

analyses resulted in a reduction in the post-shaking pore water pressures within the

zone.  This indicates that drains can be used as a means of limiting excess pore water

pressure buildup in densified zones due to migration.

• Treating the liquefiable soils beneath a pier footing to a limited depth, rather than

improving the full thickness of these materials, will result in less earthquake motion

being transmitted to the footing some time after shaking starts.  From the FLAC

analyses performed, it appears that the depth of treatment should be about 90 percent

of the full depth for settlements of the footing to remain within a range of 5 to 10 cm.

This percentage is larger than the 50 percent of full depth found to be effective in

reducing settlements in centrifuge tests by Liu and Dobry (1997).  Despite the

reduction of the earthquake motion transmitted to the bridge pier, use of a partial

treatment depth is not recommended due to the potential for movements of the pier

resulting from lateral spreading associated with a gentle ground slope or an adjacent

approach embankment.

• Chemical grouting can be used to reduce the settlement of pier footings down to

levels of 5 to 10 cm.  This reduction was achieved in the FLAC analyses with a zone

having an unconfined compressive strength of 300 kPa, width-to-depth ratio on the

order of 0.3 to 0.5, and a depth-to-thickness ratio of 1.0.  The width-to-depth ratio for

the chemically grouted zone was lower than needed for a zone densified to 75 or 85

percent relative density.

• As the grouted zone width increases, the settlement of the supported pier footing

decreases.  For a sufficiently wide zone the predicted settlement can approach zero.

• Although narrow treatment widths for grouted zones are possible, excess pore water

pressure migration into the zone, particularly after it starts to fracture, could be a
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concern.  This area requires further investigation, as does the implementation of a

pore water pressure generation model for the chemically-grouted soil and modeling

the flow behavior in the fractured material.

• Horizontal displacements of a pier on improved soil tend to follow similar trends as

the vertical displacements.  However, the predicted horizontal displacements in the

FLAC analyses with the Pyke-Byrne model were more erratic than the settlements.

The accumulated back-and-forth horizontal displacement of the pier provided the

most consistent trends for investigating the effects of treatment width on the lateral

movement performance.  However, this measure of displacement can not be readily

compared to tolerable movement criteria for bridges.  Trends in the peak-to-peak

horizontal displacements were relatively consistent, although there were some local

irregularities.  The maximum horizontal displacement appeared less reliable. The

final displacement values at the end of shaking were generally erratic.  As a result, the

pier performance on an improved zone can not be directly evaluated in terms of the

horizontal movement using FLAC with the Pyke-Byrne soil model.

• Results of FLAC analyses for jet-grouted walls installed on each side of a bridge pier

footing were inconsistent in the sense that changes in conditions that should have

produced less predicted pier settlement resulted in larger, unacceptable settlements

being produced.  Further improvements in the analyses for this case are needed.

• The insights gained from the parametric study are applicable to two-dimensional (2-

D) cases.  As discussed in Section 7.2.6, similar trends in the predicted permanent

displacements of the pier are likely to be seen in three-dimensional (3-D) cases,

although the magnitude of the predicted movements might be somewhat different.

The applicability of the 2-D results to 3-D cases will be highly dependent on the

length of the pier footing perpendicular to the longitudinal axis of the bridge.

The overall conclusion of the analyses performed for the parametric study is

improvement of liquefiable soils by densification, with compaction grouting, or cementation,

with chemical grouting, can be used to reduce the settlements of piers to levels generally

considered tolerable for bridges.  The use of these and other treatment methods for improving the

performance of stub abutments on approach embankments will be investigated in Chapter 8.
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TABLE 7.1:   Properties of Structural Members Used in Pier Analyses

Structural Member

Property
Pier Column
(Concrete)

Superstructure
Beam (Steel)

Length (m) 5 21
Cross-Sectional Area (m2) 0.72 3.46 x 10-2

Moment of Inertia (m4) 3.44 x 10-2 4.7 x 10-3

Young’s Modulus (kPa) 1 5.37 x 106 1.0 x 108

Density (Mg/m3) 2 0.558 30.4

Notes:
1. Young’s modulus shown is value for material divided by the transverse spacing of members.
2. Density shown is density of material divided by the transverse spacing of members.  Density of

superstructure beam increased to account for dead load of bridge superstructure in addition to beam
dead load.

TABLE 7.2:  Properties Assigned to Soil Strata in Parametric Study

Soil Strata

Property
Medium Dense

Sand 1
Loose Sand 1

Average (N1)60

(blows/foot)
13 7

Relative Density, Dr (%) 53 39

Unit Weight, γ (kN/m3):  Dry
                                 Saturated

15.5
19.4

14.8
19

Porosity, n 0.4 0.43

Hydraulic Conductivity, k
(cm/sec)

5 x 10-3 5 x 10-3

Friction Angle:     Peak, φp’
                             Dilation, ψ 2

34
0.2

33
0.2

Shear Modulus Number, K2max 48 39

Volumetric Strain Constants:  C1

                                                 C2

0.37
1.08

0.8
0.5

Notes:
1. Sand strata are assumed to have fine to medium gradation.
2. Dilation angle only included for zones which have shear stress acting in horizontal direction, τxy.
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TABLE 7.3:  Cases Evaluated and Properties Assumed for Densified Zone in Parametric Study

Main Variable Densified Zone Properties Width, W
(m)

Depth, D
(m)

Width-to-Depth
Ratio, W/D

Depth-to-
Thickness
Ratio, D/H

Width of
Treatment

Dr = 75%:  γsat = 20.3 kN/m3

                    n = 0.355
                    k = 3 x 10-3 cm/sec
                    φp’ = 36.5o  ψ = 0.5o

                    K2max = 59
                    C1 = 0.156  C2 = 2.56

5
8
10
15
20

10 0.5
0.8
1.0
1.5
2.0

1.0

Dr = 85%:  γsat = 20.7 kN/m3

                    n = 0.33
                    k = 2.5 x 10-3 cm/sec
                    φ p’ = 37.5o  ψ = 0.7 o

                    K2max = 66
                    C1 = 0.114  C2 = 3.5

2.8
5
8
10

10 0.28
0.5
0.8
1.0

1.0

Depth of
Treatment

Dr = 75%:  Same as above 10 6
8
9
10

1.67
1.25
1.11
1.0

0.6
0.8
0.9
1.0
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TABLE 7.4:  Long-term Analyses Performed for Pier on Densified Zone

Relative
Density of
Zone (%)

Width of
Treatment,

W (m)

Depth of
Treatment,

D (m)

Width-to-
Depth Ratio,

W/D

Depth-to-
Thickness
Ratio, D/H

Duration
(sec)

75 5 10 0.5 1.0 120
10 10 1.0 1.0 120

85 2.8 10 0.28 1.0 240
5 10 0.5 1.0 60

TABLE 7.5:  Properties Assigned to Grouted Sand in Parametric Study

Grouted Sand
Property Prior to Failure After Failure

Saturated Unit Weight, γsat

(kN/m3)
19.4 19.4

Hydraulic Conductivity, k
(cm/sec) 1

5 x 10-5 5 x 10-5

Effective Friction Angle, φ’
(degrees) 2

33 33

Effective Cohesion, c’
(kPa) 2

81.4 0

Tensile Strength, σt

(kPa) 3
30 0

Shear Modulus Number,
K2max

78 39

Pore Pressure Constants:   C1

                                          C2

0
0

0
0

Notes:
1. Pore water pressure fixed at static levels inside grouted zone and k = 5 x 10-7 cm/sec assigned to

single column of elements of ungrouted sand immediately adjacent to grouted zone.
2. Effective cohesion for the grouted sand computed using the effective friction angle and an unconfined

compressive strength of 300 kPa.
3. Tensile strength taken as 0.1 times the assumed unconfined compressive strength of 300 kPa.
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TABLE 7.6:  Properties Assigned to Jet-Grouted Material in Parametric Study

Jet-Grouted Material
Property Prior to Failure After Failure

Saturated Unit Weight, γsat

(kN/m3)
19.0 19.0

Hydraulic Conductivity, k
(cm/sec) 1

5 x 10-6 5 x 10-6

Friction Angle, φ (degrees) 0 0

Cohesion, c (kPa) 2 2250 0

Tensile Strength, σt

(kPa) 3
1500 0

Shear Modulus, G (kPa) 4 2.0 x 105 2.0x105

Bulk Modulus, K (kPa) 5 1.15 x 106 1.15 x 106

Notes:
1. Pore water pressure fixed at static levels inside grouted zone and k = 5 x 10-7 cm/sec assigned to

single column of elements of ungrouted sand immediately adjacent to grouted zone.
2. Effective cohesion taken as 15 percent of unconfined compressive strength of 15000 kPa for the jet-

grouted material.
3. Tensile strength taken as 10 percent of unconfined compressive strength of 15000 kPa.
4. Shear modulus was a reduction from desired value of 1.75 x 106 kPa to increase the dynamic timestep

and reduce the analysis execution time.
5. Bulk modulus was a reduction from desired value of 3.8 x 106 kPa to increase the dynamic timestep

and reduce the analysis execution time.
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4 m

1 m

 Structural
  Member
   for Pier

Pin Pin

Roller

Stiff Elements
  for Footing

5 m

21 m

   Soil
Elements

   Beam for
Superstructure

Beams

Point load: 108 kN/m

FIGURE 7.1:  Representation of Pier, Superstructure, and Footing in FLAC Analyses
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3 m

8 m

6 m

6 m

9 m

9 m

15 m

15 m

Loose Sand:   K    = 39
2max

Soft Clay:  s   =  28 - 34  kPau

Dense Sand:   K    =  60
2max

Medium Clay:  s   =  57 - 65 kPau

Stiff Clay:  s   =  100 - 114  kPau

Dense Sand:   K    =  60
2max

Dense Sand:   K    =  60
2max

Medium Dense Sand:   K    = 48
2max

Rock:  v  = 1067 m/ss

71 m

Notes:  K         is maximum shear modulus number (Seed and Idriss, 1970)
             s          is undrained shear strength
             v          is shear wave velocity

2max
u

s

FIGURE 7.2:  Soil Profile Used in SHAKE Analyses to Obtain Acceleration Records at
                        11-m Depth for Loma Prieta and Saguenay Earthquakes



249

FIGURE 7.3:  Normalized Response Spectra for Horizontal Acceleration 
           Records Obtained Using Four Different Earthquake Motions
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FIGURE 7.4:  Corrected and Scaled Horizontal Motion Records from Port Island
       Array at 16 m Depth During 1995 Kobe Earthquake Used as Base Input 
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21 m

5 mPier

Superstructure

A A'See Note 2

52 m 52 m

5@1.6 m 10@1.5 m 10@1.2 m 10@ 1 m 20@ 0.66
to 0.75 m

10@ 1 m 10@ 1.2 m 10@1.5 m 5@1.6 m

Y+

X+
5@ 1 m

  4@ 0.75 m
  3@ 0.66 m

11 m

  1@ 1 m

Notes: 1.  Horizontal (X) velocity record applied to nodes along bottom and sides of grid.
     Bottom of grid fixed in vertical (Y) direction.
2.  Section of grid from A to A' presented at larger scale in Figure 7.6.

FIGURE 7.5:  Grid Used for FLAC Analysis of Pier in Parametric Study
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P1 P3 P5 P7 P2P4,
P8

D1 V1

P6

A A'

0.28

0.5

1.0

1.5

W/D = 2.0

Y+

X+

3 m

8 m

Pier

Outer boundary of treatment for
different width to depth ratios, W/D

1

D/H=
 1.0

0.5

0.8

Lower boundary
of treatment for
different depth-to-
thickness ratios, D/H

Footing

Time Histories Obtained:
          Pore pressure in element
          X-velocity at node
          X and Y displacement at node

2

P3
V1
D1

Scale

0 3 6 m

1.  Width-to-depth ratios, W/D, given are based on treatment depth of 10 m from bottom of footing to base of grid (D/H = 1.0).  All cases include
     treatment of soil directly underneath and adjacent to footing, except W/D = 0 where no treatment is performed underneath or adjacent to footing.
2.  Symbol indicates a predicted time history for a particular element or node is presented in a figure.

Notes:

FIGURE 7.6:  Expanded Section A-A' of Grid Used for FLAC Analysis of Pier
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FIGURE 7.7:  Vertical Displacement of Footing vs. Time for No
                         Improvement Case
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FIGURE 7.8:  Relative X-Displacement Between Footing and Base of Grid vs.
                         Time for No Improvement Case
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FIGURE 7.9:  Excess Pore Water Pressure Ratio vs. Time for No Improvement
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FIGURE 7.10:  X-Velocity at Base of Grid and Top of Footing vs. 
                           Time for No Improvement
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FIGURE 7.11:  Dimensions Used for Calculating Width-to-Depth (W/D) and
                          Depth-to-Thickness Ratios (D/H) for Improved Zones
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FIGURE 7.12:  Vertical Displacement of Footing vs. Time for Densified
                           Zone with W/D = 1, D/H = 1, and Dr = 75%
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FIGURE 7.13:  Relative X-Displacement Between Footing and Base of Grid vs. Time
                           for Densified Zone with W/D = 1, D/H = 1, and Dr = 75%
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FIGURE 7.14:  Excess Pore Water Pressure Ratio vs. Time for Densified
                           Zone with W/D = 1, D/H = 1 and Dr = 75%
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FIGURE 7.15:  X-Velocity of Footing and Grid Base vs. Time for Densified
                           Zone with W/D = 1, D/H = 1, and Dr = 75%
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FIGURE 7.16:  Average Predicted Settlement of Pier vs. Width-to-Depth Ratio
                          of Densified Zone for Two Relative Densities and D/H = 1
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FIGURE 7.17:  Predicted Final X-Displacement of Pier vs. Width-to-Depth Ratio
                          of Densified Zone for Two Relative Densities and D/H = 1
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FIGURE 7.19:  Predicted Peak-to-Peak X-Displacement of Pier vs. Width-to-Depth
                           Ratio of Densified Zone for Two Relative Densities and D/H = 1
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FIGURE 7.18:  Predicted Maximum X-Displacement of Pier vs. Width-to-Depth
                           Ratio of Densified Zone for Two Relative Densities and D/H = 1
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Note:  Absolute value of maximum 
           x-displacement plotted.
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FIGURE 7.20:  Predicted Accumulated X-Displacement of Pier vs. Width-to-Depth
                           Ratio of Densified Zone for Two Relative Densities and D/H = 1
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FIGURE 7.21:  Average Predicted Settlement of Pier vs. Depth-to-Thickness Ratio
                           of Densified Zone for Dr = 75% and W = 10 m.
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FIGURE 7.22:  Predicted Accumulated X-Displacement of Pier vs. Depth-to-Thickness
                           Ratio of Densified Zone for Dr=75% and W = 10 m
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FIGURE 7.24:  X-Velocity for Footing and Grid Base vs. Time for Densified
                           Zone with D/H = 0.9, W = 10 m, and Dr = 75%

Time (sec)

0 5 10 15 20 25 30

X
-V

el
oc

it
y 

(c
m

/s
ec

)

-40

-30

-20

-10

0

10

20

30

40

Base
Point V1

FIGURE 7.23:  Relative X-Displacement Between Footing and Base of Grid for
                           Densified Zone with D/H = 0.9, W = 10 m, and Dr = 75%
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FIGURE 7.25:  Excess Pore Water Pressure Ratio in Free-Field and Densified
                           Zone with W/D = 0.28, D/H = 1, and Dr = 85%
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 FIGURE 7.26:  Number of Elements in Densified Zone with Fully
Mobilized Strength vs. Time for W/D = 0.28, D/H = 1, and Dr = 85%
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 FIGURE 7.27:  Excess Pore Water Pressure Ratio in Densified Zone (Dr = 85%)
                            at Point P4 with and without "Perfect" Drain at Boundary
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FIGURE 7.28:  Vertical Displacement of Footing vs. Time for Chemically-
                           Grouted Zone with W/D = 0.5 and D/H = 1
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FIGURE 7.29:  Relative X-Displacement Between Footing and Base of Grid vs. Time
                           for Chemically-Grouted Zone with W/D = 0.5 and D/H = 1

Time (sec)

0 5 10 15 20 25 30

R
el

at
iv

e 
X

-D
is

p
la

ce
m

en
t 

(c
m

)

-15

-10

-5

0

5

10

15
Point D1



266

FIGURE 7.30:  Predicted X-Velocity of Footing and Grid Base vs. Time for
                           Chemically-Grouted Zone with W/D = 0.5 and D/H = 1
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FIGURE 7.31:  Average Predicted Settlement of Pier vs. Width-to-Depth Ratio
                          of Chemically-Grouted Zone for D/H = 1
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FIGURE 7.32:  Predicted Accumulated X-Displacement of Pier vs. Width-to-Depth
                          Ratio of Chemically-Grouted Zone for D/H = 1
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FIGURE 7.34:  Predicted Maximum X-Displacement of Pier vs. Width-to-Depth
                           Ratio of Chemically-Grouted Zone for D/H = 1
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Note:  Absolute value of maximum
          x-displacment plotted.

FIGURE 7.33:  Predicted Peak-to-Peak X-Displacement of Pier vs. Width-to-Depth
                           Ratio of Chemically-Grouted Zone for D/H = 1
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FIGURE 7.35:  Predicted Final X-Displacement of Pier vs. Width-to-Depth Ratio
                          of Chemically-Grouted Zone for D/H = 1
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Note:  Absolute value of final
          x-displacement plotted.

FIGURE 7.36:  Number of Elements in Grouted and Untreated Zones
    with Fully Mobilized Strength vs. Time for W/D = 0.28 and D/H = 1
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FIGURE 7.37:  Vertical Displacement of Footing vs. Time for Jet-Grouted
                           Walls Located 1.4 Meters from Footing
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FIGURE 7.38:  Relative X-Displacement Between Footing and Base of Grid vs. Time
                           for Jet-Grouted Walls Located 1.4 Meters from Footing
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FIGURE 7.39:  Average Predicted Settlement of Pier Footing vs. Distance
                           Between Footing and Jet-Grouted Wall

Distance Between Footing and Wall (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

A
ve

ra
ge

 S
et

tl
em

en
t 

(c
m

)

0

10

20

30

40

No Drains
Drains

FIGURE 7.40:  Variation of Excess Pore Water Pressure Ratio, ru, in Soils Between

In-Ground Walls with Spacing from Centrifuge Tests (after Goh and O'Rourke, 1997)
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FIGURE 7.42:  Excess Pore Water Pressure Ratio, ru , at 4.1-m Depth vs. Time for

                          Free-Field and in Soil Between Walls at Two Different Spacings
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Notes: 1. Dimension is distance between inside edges of walls.

FIGURE 7.41:  Excess Pore Water Pressure Ratio, ru, at 9.5-m Depth vs. Time for 

                          Free-Field and in Soil Between Walls at Two Different Spacings
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Notes: 1. Dimension is distance between inside edges of walls.


