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PREFACE

This report was written under the auspices of Contract

No. DOT-OS-50123 with the United States Department of

Transportation, Office of University Research, Office of

the Secretary. This is Volume II of a series of three reports

covering the results of research on use of stabilized soil

support for shallow ground tunnels; the first volume entitled

"The Practice of Chemical Stabilization Around Soft Ground

Tunnels in England, France and Germany" was completed in

1976 and described European and English field procedures

for stabilizing soil and their application to actual projects.

The present volume, entitled "Development of Design

Procedures for Stabilized Soil Support Systems for Soft

Ground Tunneling Volume II - Preliminary Results," contains

preliminary results of the first year of research. The

third volume will report on subsequent efforts in the

research, which will be primarily devoted towards develop-

ment of a design procedure for stabilized soil support

systems

.

The contract monitor for all of the work has been

Mr. Russell K. McFarland who has provided support and key

contacts to facilitate the effort.

A number of individuals have made contributions to the

work described herein by providing valuable discussion time

and information for the researchers. These include Messers.

E. D. Graf and W. H. Baker. Their assistance is appreciated.

Students at Stanford in addition to those listed as authors

on the report, who have contributed to the work are G. Kasali

Phillipe Mayu and F. Mensah Dwumah.

Authors of the report include Dr. G. W. Clough, Associate

Professor of Civil Engineering of Stanford University, Messers.

D. Y. Tan and W. M. Kuck, graduate students at Stanford and

Dr. P. Koenzen, visiting researcher from Karlsruhe University,

West Germany.
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ABSTRACT

This report describes the experimental and analytical work carried

out at Stanford University during the first year of a research effort

devoted to the development of a rational design methodology for grouted

tunnels

.

The long range objective of this work is to provide a designer

with a simple tool which can be used to select the size, strength

and stiffness of a grouted soil zone around a tunnel which will econ-

omically and effectively limit surface deformations caused by tunneling.

The first year effort has been devoted to:

1. Developing laboratory procedures to study load-deformation
response of chemically stabilized soils.

2. Performing laboratory tests of typical stabilized soils and

evaluating the observed behavior.

3. Performing load tests on soil samples grouted under field

conditions

.

4. Developing a finite element code which can reasonably model
the effects of tunnel construction in grouted soil zones.

5. Documenting existing field case histories and applying the

new finite element code to study some of the actual tunnel-
ing cases.

Progress towards all these objectives has been made. Over 100

load tests have been performed on stabilized soil samples, demonstrating

the influence of a number of key variables on grouted soil performance.

The data suggests that the behavior is complex and is a strong function

of duration and rate of loading, confining pressure, and chemical

concentrations in the grouts. It appears however that a reasonable

analytical model for the behavior can be formulated and work in this

area is proceeding.

ix



A general purpose finite element code for grouted tunnel analysis

has been developed and verified. The program can accomodate hetero-

geneous soil and groundwater conditions, gravity stress fields, complex

soil behavior and effects of variations in tunneling construction

sequences and procedures. Preliminary parametric studies using the

code demonstrate that the size, shape, strength and stiffness of the

stabilized soil zone influence the amount of surface settlement. There is

clearly a point of diminishing returns in limiting movements by increasing

size, strength or stiffness. Optimization of this point for various

tunneling conditions is obviously desirable, since requiring more of

any of these qualities than is necessary reduces the economics of a

grouting solution.

Case history data show that, in general, grouting has been effective

in limiting surface movements above tunnels. Preliminary finite element

studies have been performed on one of the case histories and they show

both the benefits and difficulties associated with quantification

of grouted tunnel behavior. The results suggest that precise

prediction of performance is difficult because material parameters

for grouted soils are not well defined and because construction sequence

has a major influence on behavior and this is not usually prescribed

in advance of a project. However, in spite of these problems, the

predicted results from the finite element program are consistent with

trends of field results and are very useful in explaining observed

performance. Better predictive capabilities will be available as

more data are developed to describe grouted soil behavior. Problems

introduced by construction sequence can be alleviated by integrating

the analysis with early stages of construction so that actual sequences

X
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CHAPTER I

INTRODUCTION

Chemical injection stabilization can be used in pervious soils and

weathered rocks to minimize problems usually associated with tunneling

in these materials, such as ground water inflow, running soil, loss of

ground and surface settlements. Also by using this technique, the need

for compressed air can be eliminated and undesirable tunneling character-

istics relative to machine boring can be reduced. Applications of the

stabilization technology are relatively common in Europe and Japan and

are on the increase in the United States. Its use is most common in

urban areas where particularly critical groundwater or settlement problems

exist

.

Some examples are depicted in Figure 1.1, illustrating how grouting

can be used to seal water out of a tunnel, create strengthened soil zones

to support overlying structures, and form excavation walls of stabilized

soil. Details of such applications have been described in a previous re-

port to the Department of Transportation by the senior author of this re-

port (Clough, 1976).

The use of the chemical stabilization technology in the United States

has been limited, although there have been a number of recent significant

jobs for the Washington Metro, including the following:

1. New Jersey Avenue Trunk Sewer Crossing, Contract Fib - chemical
stabilization used in lieu of conventional underpinning to sup-

port trunk sewer above WMATA tunnels.

2. Seventh Street Bridge at 1-95 - chemical stabilization used in

lieu of conventional underpinning to support center pier of

bridge; four WMATA tunnels pass beneath the bridge.

3. J. F. Kennedy Memorial Center - chemical stabilization used to

solidify and impermeabilize water bearing soils to halt loss of

ground incurred during WMATA tunneling.

1



( a

)

( b)

(d)

FIGURE 1.1. EXAMPLES OF APPLICATIONS FOR GROUTING
IN URBAN TUNNELING

2



4 . Wisconsin Avenue, WMATA Rockville Route - quick set cement
grouting used to strengthen highly weathered rock and soil

in order to allow advance of hard rock tunnel boring machine
for WMATA tunnel.

5. Anacostia Freeway, Penn Central Railroad Crossing, WMATA Addison
Route - chemical stabilization to be used to strengthen and
impermeabilize soils to provide underpinning support and improve
tunneling operations.

On three of these projects, ground surface settlements have been or

are being measured. Details of the projects are given in Chapter VI.

It is interesting that in each instance of metro work where underpin-

ning support was needed, chemical stabilization was found to be cheaper

than existing conventional structural procedures. For the Anacostia

Freeway project, independent cost estimates showed the chemical stabiliza-

tion to be one-fourth the cost of conventional underpinning methods. In

addition to this direct cost savings, the chemical stabilization also will

reduce the need for dewatering and minimize any possibility of a ground

run into the tunnel which might endanger workers' lives and adjacent pro-

perty or utilities.

The cost and engineering advantages of chemical stabilization argue

for its increased use in the United States. However, there is presently

a distinct lack of objective engineering information on stabilized soil

behavior, mode of grout penetration into the ground, quality control pro-

cedures for injection work and de s i

g

rp pro.ce.dures to choose sizes and

properties of stabilized zones around tunnels. Where information of

this type does exist, it is often proprietary. This report describes

the results of a study designed to help remedy these problems. The infor-

mation contained herein covers the experimental and analytical work of the

first year of the contract. A previous report has detailed information



on existing European grout injection methods, design techniques, and quality

control procedures (Clough, 1976).

The objectives of the first year of the research contract pertinent

to this report were as follows:

1 . Develop a method of preparing grouted soil samples for laboratory
testing.

2. Perform laboratory tests to ascertain an understanding of deform-
ation and strength response of grouted soils.

3. Define important material parameters to be studied in more detail
in later laboratory work.

4. Carry out several small-scale field trials of grout injection
where samples of different grouts are injected into the ground.

/ 5 •

A#
Sample the field grouted samples and test them in the laboratory;
.compare the results to behavior of laboratory grouted soils.

6. Develop plane strain and axisymmetric finite element codes which
allow study of grouted tunneling problems.

7. Perform preliminary finite element analyses showing the influence
of properties of the grouted zone around tunnels on tunnel per-
formance .

fj

>
8. Collect data on performance of full-scale grouted tunnel sections

and provide finite element analyses for behavioral studies where
possible

.

4



CHAPTER II

BACKGROUND

The literature surrounding the subject of chemical stabilization of

soils is vast; various specialty subject areas are summarized in Table 2.1

along with references which cover them. It is the intent in this chap-

ter to deal with only a few of these topics which directly pertain to the

purposes of this report. Included herein are an introduction to grout

types, and a review of past experience with tunnel grouting, tunnel grout-

ing design procedures and the engineering properties of grouted soil.

GROUT TYPES

There are a large variety of grouts which can be used in chemically

stabilizing soils. However, the number of these grouts which are commonly

employed and are economical in tunnel work is relatively small. Figure 2.1

lists these agents along with an indication of their purpose (strengthening

or water tightening) and soil types where the agent can be injected. Pen-

etrability and cost are generally the keys as to which grout is considered

applicable for a given project. The following discussion summarizes the

basic characteristics of the grouts listed in Fig. 2.1.

Cement and Clay Cement

Almost all grouts will penetrate coarse sands or gravels. However,

because cement and clay cement are the cheapest grouts they are preferred

for stabilizing coarse grained soils. Clay cement is more commonly used

in tunnel work rather than cement because it is able to penetrate finer

grained soils, is a more stable solution, and set time can be more closely

controlled. Set time of clay cement grout can be established as low as a

5



TABLE 2.1 SPECIALTY TOPICS CONCERNED WITH

CHEMICAL STABILIZATION

ITEM REFERENCES

Types of Grouts (3), (4), (12), (16)

Methods of Injection (3), (6), (12), (16)

Chemistry of Grouts (3)

Theory of Grouting (3), (14), (20)

Types of Applications (6), (9), (11), (12), (13), (17)

Costs (6), (11)

Behavior of Grouted Soils (10), (14), (15), (19), (20), (22)

Uses of Grouting for Tunneling (3), (4), (6), (9), (11), (12), (13), (16)

Quality Control (2), (6)

Patents (1)

6
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few minutes. Fast set times guarantee that the grout will harden close

in to the vicinity of the grout pipe and thus location of the grout is

well established. Clay cement is often used as a preinjection in sands

with a mixture of grain sizes to fill coarse voids prior to injections

using more penetrable grouts.

Sodium Silicate Systems

Medium and fine-grained sands can be treated via silicate gels, lig-

nochrome resins or asphaltic emulsions. Of these grouts, the silicate

gels find the most common application. The silicate precipitate or gel

can be formed by adding to a sodium-silicate solution any of the follow-

ing: sodium bicarbonate, hydrochloric acid, sodium aluminate, copper sul-

fate, ethyl acetate, glyoxvl, formamide, or calcium chloride. The reaction

with calcium chloride is almost instantaneous while the others create_a^

slower and controllable reaction. When grouting with calcium chloride,

the sodium silicate and calcium chloride are injected into the ground

through separate pipes so that the flash reaction occurs in the ground

when the two agents encounter each other. This is known as "two shot"'

or Joosten grouting. This type of treatment, when performed correctly,

creates a strong and durable stabilized soil and is a reliable and well

established procedure. However, the use of two separate injections to

get the grout in the soil drives up the cost, and the technique is now

used primarily in very shallow work where injection pipes can be driven

quickly

.

The controllable reaction time of the sodium silicate with agents

such as formamide or ethyl acetate allows mixing before injection, a

procedure called a "one-shot" process. The actual gel time of the
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grout mixture is a function of the percentage of the reactive used.

Often a third agent is added to speed the gelling; calcium chloride is

commonly used for this purpose. The gel time can be controlled from

hours to as low as several minutes. In practice, a gel time of one hour

is common unless the ground water in the injection area is moving when

a smaller gel time might be used.

The wide variety of gelling agents for the "one-shot" grouts offers

flexibility in choice of reactives. However, it creates problems in

that many of the combinations are proprietary; almost every grouting

contractor offers a different specialty product of the silicate type

grout. Also few, if any, of the grouts has been thoroughly tested, espe-

cially in regard to stress-strain behavior of the grouted soil and dura-

bility. In a subsequent section of this report the known information

on silicate stabilized soil behavior will be reviewed.

Resins

For fine-grained soils in the silt category, only resin grouts have

a low enough viscosity for penetration. For comparison, the viscosity

of resin grouts can be as low as 1.5 centipoise while silicate grout

viscosity is in the range of 30 centipoise. Two types of resin grouting

agents are available on the commercial market, the phenolic and the

acrylamides. The well known American Cyanamide product AM- 9 is an

acrylamide resin. Acrylamide resins are effective in water tightening

of soil but provide little strength increase. Phenolic resins give both

water tightening and strength increase effects, but are not as V7ell known

in the U.S. as the AM-9 type grout.

Both types of resins are expensive and typically find only spot use.
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Costs per cubic yard of resin treated soil range from $200 to $300 as

opposed to the $50 to $200 per cubic yard for silicate treatment.

TUNNEL GROUTING EXPERIENCE

Grouting is largely an art because (1) the subsurface materials to

be stabilized are typically variable and (2) the chemical grouts used

in the inj ections? and the injections themselves require exceptional care to

insure a proper in-situ product. Thus, experience is an important com-

ponent in the grouted tunnel technology. This section of the report

summarizes available published information on grout zone size and properties

and performance data. Details conveying methods of grouting for tunnels

are given in another report produced for this research project (Clough,

1976)

.

Stabilized Soil Zones

The required shape and size of a grouted zone for a tunnel is primarily

a function of the following parameters

:

1. Soil type(s) and distribution

2. Strength and stiffness of soil

3. Groundwater conditions

4. Depth and size of tunnel

5. Nature of overlying structures or loads

6. Relative location of tunnel and nearby structures or loads

7. Strength and stiffness of grouted soil

8. Purpose of grouting effort (strengthening or water tightening?)

10



Some examples of grouting zones used in European and English projects

are depicted in Fig. 2.2. The simplest geometry for a stabilized

region is that used in the Frankfurt example. Here a rectangular

zone, 3m thick and 10m long, was used which surrounded only the upper

half of the tunnel. The zone did not surround the whole tunnel because

the lower part of the' tunnel was in impervious clay; only the sands

were stabilized. The grouted soil strength in this case was reported

2
to be very high; unconfined compressive strengths of 2900 kN/m (420 psi)

were supposedly obtained.

A variation on the Frankfurt type solution is shown in Fig. 2.2 (b)

for Nuremberg. The soil conditions are homogeneous sands and ground water is

not a problem. In this case the structural part of the grout zone consists

of an arch made up of trapezoids, 2.5m thick, which surround the tunnel.

The grouted soil in the arch is designed for an unconfined compressive

2
strength of at least 1050 kN/m (150 psi) . Inside the arch the soil is

partially grouted with a mix designed to give only a modest strength to

the soil. This area is injected with grout prior to the hard grout

regions so as to prevent penetration of hard grout into the area to be

tunneled. Grouting is being performed in Nuremberg using tube a manchette

procedures which allow for definitive control on grout placement and

injection of different strength grouts as shown.

Where groundwater is a problem, the grout zone must completely seal

off the pervious soils around the tunnel. In Fig. 2.2 (c )

,

a tunnel in

London is shown where the top half is in pervious soil but the bottom

half is in impervious soil. The stabilized zone, 2.5m thick, forms a

semi-circular arch over the tunnel designed to seal off the pervious

11



GROUTED ZONE

( a ) FRANFORT EXPRESSWAY
( After Ref. II )

(b) 1MUREMBURG SUBWAY
( After Ref. 6 )

(c) LONDON SUBWAY
(After Ref. 6)

(d) PARIS SUBWAY

(After Ref. 6 )

FIGURE 2.2. GROUTING ZONES IN EUROPEAN CITIES
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soils and provide strength. The thickness was selected to insure water

tightness as well as to minimize surface settlements above the tunnel.

Strength values were not specified nor measured for this project.

For cases where pervious soils surround the tunnel, the grout zone

needs to completely encircle the tunnel. As shown in Fig. 2.2 (d)

,

these

zones are often made thicker at the top than at the bottom since the top-

most zones are carrying a greater structural load in the event of over-

lying structural loads.

In nonhomogeneous soil profiles, the grouting zones in Europe are

often varied in section as well as along the profile. An example of a

complex case in section is shown in Fig. 2.3, for a Paris Metro line.

Five soil types appear in the section and grout zone sizes and types of

grouts are varied to suit the different soils. Maximum thickness of the

zone is 5m in the weakest soil. Placement of different grouts within

a section as in Fig. 2.3 requires use of a sophisticated procedure such

as the tube a manchette technique.

The examples in Figs. 2.2 and 2.3 illustrate typical kinds of grout

zones used in tunneling. Further information is given in Table 2.2, which

documents the sizes and shapes of grouted zones for 17 cases of European

and U.S. practice. Sizes of the zones vary considerably because, in

part, the requirements of the problems are different and also because no

consistent design procedures are available. The minimum thickness of any

of the stabilized zones after tunneling appeals to be around 2 meters.
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~ 4m

MARNE

ALLUVIUM

LIMESTONE

CUISIEN
SAND

SILT

Note: B/C = Bentonite Cement

Gel = Silicate Basalt Ge!

Percentages are by volume
of soil treated.

FIGURE 2.3. TYPICAL SECTION DESIGN FOR GROUT TREATMENT, PARIS METRO
(COURTESY SOLETANCHE, S.A.

,

PARIS, FRANCE)
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Strengths of Stabilized Soil Zones

In a majority of cases in Table 2.2, the grouted soil strength is

2
given; values range from 480 to 2900 kN/m (70 to 420 psi) . In none of

the cases except Nuremberg is it known exactly how the strengths of the

soils were measured. Since the strength of a grouted soil varies with

sampling technique, curing environment, loading rate and confining pres-

sure, it is important to define testing conditions. Based on European

practice, it seems likely that the "strength" given in Table 2.2 are from

unconfined compression tests conducted at a relatively high loading rate.

As such, the strength values can only be taken as indices which are useful

as classification parameters. The actual field strength of the grouted

soils is a function of stress level around the tunnel, rate of tunnel

advance, water conditions and other variables.

In accordance with past European practice, the strength of the grouted

soils were most likely not a specified requirement for the jobs. On

more recent projects, minimum strengths are being required and must be

verified by testing. In the Nuremberg case in Table 2.2, a minimum

strength and the test procedures to obtain the strength are specified.

The grouted soils must be able to demonstrate an ability to achieve an

2
unconfined strength of 1034 kN/m (150 psi) and show resistance to increasing

deformations under constant load. Sampling of the grouted soils is carried

out by coring, a technique only reliable for higher strength grouted soils.

It is significant that many of the strengths shown in Table 2.2 are

2
above 1380 kM/m (200 psi). Such values can only be obtained where the

soils are clearly groutable and relatively high chemical concentrations

are used in the grouts. The silicate gels used in many of the cases
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described in Table 2.2 are likely composed of 60 percent or higher of

sodium silicate (by volume) . This type of grout is relatively viscous

and useable only for coarser grained sands.

Performance of Grouted Tunnels

The performance of a grouting system around a tunnel may be gauged

in terms of the elimination of water inflow into the tunnel, the elimina-

tion of runs of soil into the tunnel or minimization of settlements above

the tunnel. Published data on performance of grouted tunnels generally

indicates very satisfactory behavior. Unfortunately, few problems are

usually brought out in to open discussion in printed literature.

In private correspondence, however, some problem areas have been

identified such as:

1. Settlements caused by careless drilling procedures for large

numbers of grout holes.

2. Poor contact between grout and foundation elements where such

contact is called for.

3. Lack of grout penetration into silty zones with a sandy soil.

4. Creep of grout zones under extended loading.

These problems generally lead to no more than minor difficulties; in only

two instances known to the authors have serious failures resulted. In

both cases, large settlements of walls underpinned by grouting occurred.

The resulting effects were exaggerated because the grout zone was an ex-

posed, unsupported underpinning wall subjected to long term foundation

loads. By proper design and construction -procedures these problems can

be avoided.
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DESIGN OF STABILIZED SOIL SUPPORT SYSTEMS

The design of a chemical stabilized soil support system for a tunnel-

ing problem has been in the past largely a function of experience. The

wide variation in grout zone sizes and strengths employed for similar

cases in Table 2.2 illustrates that the practice is not standardized.

In certain locations experience alone may provide an effective means of

design. For example, in London where soil conditions are very consistent,

experience from one area can be directly extrapolated to another. This

system breaks down, however, when new grouts are used or where different

soil conditions are encountered.

Development of a new and consistent design tool for ground support

is faced with a formidable array of problems. First, the tunnel problem

itself is hardly amenable to closed form analysis because of inhomogeneous

ground conditions, and nonlinear soil and grout material behavior. Second,

the physical aspects such as actual in-situ grout zone size and influence

of method of tunneling are important and these are hard to accurately

define prior to actual construction. It would appear that a new design

tool must ultimately combine the results of sophisticated analytical so-

lutions which can simulate the complex ground condition and behavior,

with results of past experience which contains valuable information as

to tolerances and influence of different tunneling and grouting procedures.

The finite element method offers the greatest promise in providing

an analytical tool with the capabilities to handle the grouted tunnel

problem. It has great flexibility in modeling complex soil conditions

and soil behavior and accounting for the interaction of the various

20



elements of the problem. In several instances it has already been applied

to specific grouted tunnel problems in Europe, primarily to provide infor-

mation which would confirm the effectiveness of a design developed on the

basis of experience. Research in the present Stanford program is designed

to adapt the finite element method as a general grout zone design tool.

The results of the analyses will be integrated with those of past experi-

ence .

Nj

BEHAVIOR OF SOILS STABILIZED BY SILICATE SYSTEMS

Detailed study of grouted soil behavior is a relatively recent endeavor.

The grouted soil presents a special problem for investigation since it is

a combination of two materials, soil and grout, both of which have complex

oehaviors. Soil typically exhibits nonlinear and plastic stress-strain

response. The grout adds a component whose behavior varies with small

changes in chemical concentrations, temperature and curing environment.

Additionally, grouts are usually subject to creep and loss of strength

with constant load. Published information on the behavior of the com-

bined soil-grout system, where silicate grouts have been used, are reviewed

in the following paragraphs.

Unconfined Compression Strength

Much of the available information on grouted soil behavior deals with

strength. The primary mode of testing has been the unconfined compression

test. Because conditions in this test are not necessarily representative

of stress conditions in the ground, the results should not be taken as

yielding an in-situ strength. The unconfined compression test does pro-

vide information which allows comparison of sample behaviors and it is

simple to conduct.
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Recent unconfined strength test programs on silicate stabilized soils

have been reported by Warner (1972), Koenzen (1975), Rhone Prolenc Indus-

tries (1975) and Gartung and Kany (1975). These investigations have

shown the strength of a silicate stabilized sand to significantly depend

upon the following parameters:

1. Percentage silicate

2. Percentage hardener

3. Rate of loading

4. Age

5 . Curing environment

Factors which have been found to be of a lesser influence on strength are

1. Sand density

2. Grain size of sand

3. Initial moisture content of sand

Table 2.3 presents a summary of the important facets of the various

test programs. This information shows that each of the investigations is

different from each other, often in two or more important characteristics

meaning that comparisons of the results of the investigation is difficult

Only Koenzen (1975) and Gartung and Kany (1975) used the same test proce-

dures, with the grain size of the test sand the single difference between

the two. Thus, most of the available results have to be viewed indepen-

dently of one another.

The influence of silicate and hardener content on the strength of a

grouted sand is illustrated in Fig. 2.4 via results provided by Rhone-

Prolenc (1975) . The hardener in this case is Durcisseurs 600a Rhone-

Prolenc product. It is apparent from the data that as more silicate is
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FIGURE 2.4. INCREASE IN UNCONFINED COMPRESSIVE STRENGTH
WITH SILICATE AND HARDNER CONTENT (AFTER
RHONE-PROLENC , 1975)
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used, the strength increases, although this effect is greatest when using

higher percentages of hardener. Increasing the hardener percentage also

results in an increase in strength, this effect being larger for higher

silicate contents. Higher percentages of hardener, in addition, shorten

gel times, thus increasing the rate of strength gain. According to the

results in Fig. 2.4, using the highest percentages of silicate and hard-

2
ener, yields a sample unconfined compressive strength of 4800 kN/m

(700 psi) . It should be kept in mind that these strengths were obtained

on samples tested at the very high strain rate of 25%/min. Slower strain

rates would undoubtedly result in lowered strength values.

Rate of loading effects are demonstrated by the results of Koenzen

(1975) in Fig. 2.5. In five strain controlled tests the strain rate was

varied from 0.2%/min, a typical laboratory rate, to 0.0004%/min, and the

peak strength demonstrated a decrease as the load rate was slowed. The

strength in the case of the fastest test is about twice that of the slow-

est test. Koenzen (1975) has further demonstrated rate effects by conduct

ing constant load creep tests, typical results from which are shown in

Fig. 2.6. Regardless of load level, all samples show creep strain develop

ing with time, however, the effects are more dramatic as load level is in-

2
creased. In Fig. 2.6 creep rupture occurs at 6.0 Kg/cm . This failure

load is only 40 percent of the peak failure load from the constant strain

rate uniaxial test conducted at 0.2% strain per minute (see Fig. 2.5).

Warner (1972) has also demonstrated this loss in strength under constant

loads, noting a reduction in strength of 20% to 80% for each of six dif-

ferent types of grouts when creep test results are compared to short term

load tests.
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Aging effects on silicate grouted soils are reported by Warner (1972)

and illustrated in Fig. 2.7. In curing the specimens before testing, they

were kept totally submerged. The results show that after the initial

rapid strength gain within the first ten days, the sample strengths with

further aging can decrease or increase depending upon the grout type.

In the case of samples cured air-dry, similar effects were observed, al-

though the strength of the submerged cure specimen were less than those

of the air-dry cure specimens.

Effect of Confining Stress or Strength

Triaxial tests on silicate stabilized soils which allow the confine-

ment on the sample to be varied have apparently only been published for

one previous investigation (Gartung and Kany (1975)). Tests of this type

on cement stabilized sands have shown that the strength of these materials

comes from both friction and cohesion (Mitchell (1976)). The data suggests

that the friction angle of cemented sands is essentially that of the ori-

ginal noncemented sand. The function of the cement is primarily to add a

cohesion component to the strength.

The data of Gartung and Kany (1975) on silicate stabilized sands are

not so extensive as to allow firm conclusions to be drawn. They suggest

the strength envelope for silicate stabilized sands is curved. Inter-

preted envelopes are shown in Fig. 2.8 for tests run at different rates

of strain; the slower the strain rate, the lower the envelope. In any

of the cases, however, the strength increases substantially with confining

pressure. This means that unconfined compression tests are not adequate

to define the strength of silicate stabilized soils.
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FIGURE 2.7. CHANGE IN UNCONFINED STRENGTH OF GROUTED

SOIL WITH CURING (AFTER WARNER, 1972)

FIGURE 2.8. MOHR ENVELOPES FOR GROUTED SOIL FROM
TRIAXIAL TESTS (AFTER GARTUNG AND KANY, 1975)
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Stress-Strain Behavior

Most investigations into behavior of stabilized soils have concentrated

on the strength aspect. However, in regard to settlement prevention above

tunnels, the stress-strain behavior or rigidity is at least as important

as strength. Unfortunately, only Koenzen (1975) and Gartung and Kany (1975)

report stress-strain behavior for their tests. Typical stress-strain curves

for silicate stabilized soils subjected to unconfined compression are

shown in Fig. 2.5. The results are for tests performed by Koenzen (1975)

at different rates of strain; they show clearly that the stabilized soil

decreases in rigidity as the strain rate is lowered. The average slope

of the stress-strain curve or modulus before failure drops by a factor of

five as the strain rate drops from 0.2%/min to 0.0004%/min. Similar rates

of decrease can be shown from the triaxial data of Gartung and Kany (1975).

The creep test results shown in Fig. 2.6 also suggest a continuing

increase in deformations under constant load. The results of creep load

tests by Koenzen (1975) and Warner (1972) show that even under very low

loads, creep straining occurs. In order to correctly predict settlements

above grouted zones, the influence of creep as well as load rate needs to

be considered.

Effects of parameters other than load rates or sustained loads on

stress-strain behavior such as hardener and silicate contact, etc., cannot

be defined from existing data. This represents a serious gap which limits

our abilities to reliably forecast behavior of tunnels in grouted soil.

The present investigation is directed towards a study of this problem.
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Modeling Observed Stress-Strain Behavior

The foregoing discussion has demonstrated that the stress-strain-strength

behavior of a silicate stabilized soil is complex. In order to model the

observed behavior Koenzen (1975) has proposed an analytical visco-plastic

model which consists of a series of springs, dashpots, and slip elements

(see Fig. 2.9). The "elastic" response of the grouted soil is represened

by the springs. Plastic behavior is simulated by the slip elements which

allow yielding after certain deformation levels are reached. Finally,

the dashpots model the viscous response. The model shown in Fig. 2.9

requires five material parameters, all of which can be defined from load

tests in the laboratory. This particular model has been shown to reasonably

simulate long-time creep response. More complex models can be devised by

adding components but they rapidly become unwieldly in terms of the num-

ber of parameters needed to define their behavior.

SUMMARY

The review in this chapter has pointed out the fact that there is

no developed design method for selecting size, strength, or stiffness of

grouted zones around tunnels. Further, it is apparent that there is no

established procedure for rationally evaluating what the strength and

stiffness of a grouted soil is with respect to what it should be in the

ground in order to give a good performance. Unconfined compressive tests

are often conducted, but neither the stress conditions, stress path nor

load rates used in this test are representative of those under actual

tunneling conditions. At present, past experience is largely the design

guide with little assurance that this can be economically or safely extra-

polated to new conditions.
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FIGURE 2.9. SIMPLIFIED VISCOELASTIC MODEL FOR GROUTED
SOIL (AFTER KOENZEN, 1975)
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The review of the behavior of silicate-stabilized soils has shown

that there are a large number of factors which affect the response of

these soils to load. While much information on silicate stabilized soils

is available, the data is insufficient as to stress-strain response,

effect of confining pressure and rate of loading influences. A particular

deficiency lies in the fact that no method or procedure has been developed

to determine what type of test should be used to evaluate silicate-stabilized

soil response for grouted tunnel design.
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CHAPTER III

LABORATORY TEST PROGRAM

In the preceding chapter it was noted that the review of published

test data for grouted soils reveals a distinct non uniformity of testing

procedures and a lack of data on the stress-strain behavior of grouted

soils. With these facts in mind, the laboratory test program for the

first year of research was designed with the following objectives:

1. Establish a reliable procedure for creating and testing
grouted samples.

2. Perform a test program designed to develop an understanding
of the important variables that influence grouted soil stress-
strain and strength response.

3. Interpret the test results and develop parameters for use in

finite element parametric studies of grouted tunnel behavior.

The following paragraphs describe the progress towards these objectives.

LABORATORY PROCEDURES FOR GROUTING

SOIL SAMPLES

In order to allow maximum flexibility in modeling various grouting

environments, it was considered that the laboratory equipment for creat-

ing grouted soil samples should allow:

2
1. Use of grouting pressures from very low to 830 kN/m (120 psi) .

2. Use of saturated and unsaturated soil sample conditions prior

to grouting.

3. Development of a uniform sample.

Before designing equipment to achieve these purposes, existing methods

were reviewed.
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Existing Techniques to Create Grouted Samples

Little published information is available on methods for grouting

soil samples in the laboratory and in order to learn what others were do-

ing, personal contacts were pursued. Basically, two different methods

were found in use. In the simplest, grout is mixed in an open container

and sand is dumped into the grout; after set-up of the grout, samples

may be trimmed. This method does not allow grouting under pressure nor

saturation of the soil prior to grouting and was not considered suitable

for this investigation.

The other method for creating grouted samples offers more flexibility

and eliminates the disadvantages associated with the simplest technique.

In this procedure, a column of soil is prepared in a steel or lucite tube;

the soil can be dry or saturated as desired.

Grout is injected into the soil in the tube under either a constant

pressure control or a constant flow control. The soil sample is extruded

from the tube after grout set and is ready for testing. This procedure,

with a few modifications, was adopted for the present work.

Techniques Used in Present Investigation

In this investigation both the flow control and pressure control grout

injection techniques for preparing samples were tried. The pressure con-

trol method was found to be much simpler than the flow control method and

to meet all necessary experimental criteria. By fixing the grouting pres-

sure, it was found that flow was also reasonably constant unless the grout

underwent a partial set during injection, a problem only present in very

unusual circumstances. Further details of testing procedures finally

adopted for the work are described as follows.
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The equipment employed is depicted in Fig. 3.1. It consists of (1) an

enclosed grout pot where the grout components are added and mixed, (2)

four upright 9 cm diameter and 71cm long lucite sample tubes, and (3)

a hydraulic system for passage of the grout from the pot into the sample

tubes. The sample preparation procedure begins with placement of sand

and end filters into the lucite tubes. The end filters consist of a

5cm (2 in.) thick pea gravel layer bounded by wire mesh screens. The

bottom filter is installed in the lucite tube before any sand is placed.

Build up of the sand follows and any of several procedures may be used.

In the tests reported herein, the sand was poured into the tube in 7.5cm

(3 in.) lifts and rodded to a dense configuration by tamping the lift 30

times using a 1cm (0.4 in.) diameter wooden dowel. At about 5cm (2 in.)

below the tube top, the upper gravel-screen filter is added. At this

stage, the tube top plate is clamped into place and the apparatus is

ready for water saturation or grout treatment.

If presaturation of the sample is desired, the next step is to fill

the grout pot with water. The water is pushed from the pot through the

grout lines and into the sand samples by introducing air pressure on the

top of the water in the pot via a pressure port on top of the pot. Almost

all samples tested were prepared using the presaturation technique.

After the water saturates the sand samples, the bottom valve of each

sample tube is closed to retain the water in the sand, and the grout pot

and hydraulic lines are emptied of water. The grout components are then

poured into the grout pot and mixed using a stirring mechanism (see Fig.

3.1).
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figure 3.1. SCHEMATIC OF GROUTING APPARATUS
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The stirring is continued throughout grouting to insure good mixing and

to prevent any tendency towards grout flocculation. Grouting of the sand

samples proceeds in the same manner as the injection of water. Each tube

of soil is grouted independently.

During the early phases of this investigation, the grouted soil samples

were extruded from the sample tubes after grout set by jacking. Subsequent

concern over possible disturbance of the samples by the jacking led to the

use of split sample forming tubes. The new tubes, now employed in every

test, are split by a small gap down the entire length on one side only.

When grouting a sample, the gap is closed by means of pipe clamps tighten-

ed at intervals along the tube. Sealing of the gap is accomplished by

applying adhesive tape along the gap on inside of the tube. After the

sample is grouted and the grout sets, the pipe clamps are released; because

of the elasticity of the lucite tube, it springs open to restore the gap.

This small amount of radial movement releases all restraint on the sample

and it slides freely out. The grouted samples are thereafter cut into

the lengths required for testing. The top and bottom 7cm or so, of the

samples are always discarded.

TESTING METHODS

The test procedures used in the present investigation involved pri-

marily constant rate of strain unconfined and triaxial loading and in a

few instances constant load creep tests. Particular care was taken in

documenting stress-strain behavior at both low and high strain levels.

All samples tested were 7.1cm (2.8 in.) in diameter and 17cm (6.5 in.)

in length.
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Age of the samples at the time of testing was varied from one to

110 days, although the majority were tested in the range of three to

eight days. In storing samples, the grouted soil was left in the lucite

sample tubes and capped with polyethylene sheeting. The sheeting and

the grout-filled gravel end filters maintained the moisture content of

the samples. The rate of strain used in the constant rate of strain

tests was typically taken as 0.15%/min. Other strain rates were used to ,

evaluate the effect of this parameter in a few tests.

The triaxial load tests were performed in a standard triaxial appara-

tus. The photograph in Fig. 3.2 shows the triaxial cell in the loading

frame; load and deformation are recorded electronically and fed into the

digitizing unit seen on the right of the photograph. The loading frame

is a specially adapted unit which can be used for stress control or

strain control tests. It is hydraulically operated so that there are no

vibrations to disturb the sample during testing. Volume change is measured

for each sample using a water-filled burette which is connected via a

saturated plastic tube to the bottom of the sample. This procedure is

consistent with that used by Koenzen (1975) and Gartung and Kany (1975).

In the initial phases of the test program, attempts were made to

measure water contents of the grouted samples. The exact meaning of the

water content in a chemically stabilized soil is, however, not clear. In

the initial grout mix there is a considerable amount of water, e.g., 64%

of the 30% silicate Siroc grout mix is water. This water in the grout

is largely locked in during the initial chemical reactions. Heating a

sample to determine water content presumably drives off free water from

the sand but also some of the water from the solidified grout.
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FIGURE 3.2. LOADING AND RECORDING APPARATUS
WITH SAMPLE IN PLACE FOR TESTING
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Unfortunately, the degree of contribution of each component cannot be

determined and thus the measured water content has no specific meaning.

TEST MATERIALS AND SAMPLE DENSITIES AND PERMEABILITIES

One grout type and two sands were used in the laboratory test program.*

Grain size curves for the sands are shown in Fig. 3.3; Monterey sand No. 16

is a uniform medium sand while Monterey sand No. 30 is a uniform fine sand.

Both sands have predominantly rounded particles and there are no silt

or clay size particles present.

The grout used is known by the trade name Siroc and is commercially

marketed and readily available to any contractor. Its base is sodium

silicate solution and the reactive or hardener is formamide. Calcium

chloride is added as desired to accelerate gelling. Water makes up the

remainder of the grout. Mix designs are suggested in a manual published

by Raymond International (1972). Mixes and their gel times as used in

this investigation are shown in Table 3.1. This type of grout is in

common use in the United States and has been studied by Koenzens (1975)

and Gartung and Kany (1975) in Germany.

The grout components were obtained from local sources. The sodium

silicate is available from Philadelphia Quartz Company.

Properties and components of the silicate solution are as follows:

8.9% Na^O by weight

28.7% SiC^ by weight

62.4% Water by weight

41° Baume @ 20°C

*An extensive series of laboratory tests were also performed on samples
from field grouting trials. Different types of grouts were used in

this program, the results of which are described in Chapter Five of

this report.
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TABLE 3.1. GROUT CONSTITUENTS USED IN LABORATORY TESTS

Percent
Silicate

Percent
Formamide

Percent
WATER

g/&

CaCl
2

Approximate Gel
Time--Hours

30 6 64 9.36 1

30 6 64 0 12

50 6 44 0 12

50 9 41 0 10

70 6 24 0 12

70 12 18 0 4

Note: Percent = Percent by Volume

43



As discussed previously, the sand was poured into the forming tube

in three inch lifts and rodded into place. Sample densities were very

consistent when prepared by this process. Average density for the Mon-

terey #30 and Monterey #16 sands before grouting were 1.58 gm/cc and

1.62 gm/cc respectively. After grouting, the respective average densities

were 1.98 gm/cc and 2.02 gm/cc. For this increase in density, approximately

95 percent of the void space in the sand samples should be filled with

grout

.

Permeabilities of a number of grouted samples were measured by means

of a standard constant head test. The values ranged from 1 x 10 ^cm/sec

_ &
to 1 x 10 cm/sec and are consistent with those reported by Koenzen (1975)

for silicate stabilized soil. The permeability of the samples presumably

results from flow through the grout itself and the 5 percent of void space

not filled by the grout.

TESTING PROGRAM

The first year program was aimed at determining the influence of

the following variables on grouted soil behavior:

1. Confining pressure

2. Grout component concentrations

3. Sand grain size

4. Large strain

5. Age

6. Constant load vs. constant strain-rate
load ing
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A total of 83 trlaxial and unconfined shear tests were performed dur-

ing the course of the laboratory work. An additional 31 tests are report-

ed on in Chapter 5 in connection with the field grouting effort.

Important parameters for each laboratory test are given in Table 3.2,

along with the observed stress and strain at failure- In the triaxial

2
tests, confining pressures of 0, 69 and 138 kN/m (0, 10, 20 psi) were

employed. Sodium silicate, formamide and calcium chloride percentages*

used were 30, 50, and 70; 6, 9 and 12; and 0 and 2 respectively. Age of

the samples at testing was varied from 1 to 110 days.

Also noted in Table 3.2 is the type of sample tube forming used, i.e.,

split or non-split. Comparative results on samples obtained from both

types of tubes provides useful information as to the effect of sample

disturbance caused during extrusion from the non-split tubes.

RESULTS OF TEST PROGRAM

The data obtained from the tests consists of stress-strain curves,

volumetric change curves and strengths. In the following discussion the

general stress-strain response will be covered first, the strength behavior

second and the initial tangent modulus values for the stress-strain curves

third.

General Stress-Strain Response

Effects of Confining Pressure, Chemical Concentration and Large Strains .

In Figs. 3.4, 3.5, and 3.6, typical results from a series of constant

strain-rate triaxial tests on stabilized Monterey No. 16 sand, are shown;

*Percent by volume of grout solution.
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FIGURE 3.4. STRESS-STRAIN BEHAVIOR OF SAMPLES TESTED
AT <?

3
= 138kN/m2
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principal stress difference and volumetric strain values are plotted against

axial strains. These results demonstrate the range of types of behavior

which were observed from constant strain-rate tests.

The effects of sodium silicate content in the grout solution are illus-

trated in Fig. 3.4 by comparing the stress-strain response for 30, 50, and

70 percent sodium silicate samples tested in triaxial compression at a

2
confining pressure of 138 kN/m (20 psi) . For reference, the ungrouted

sand behavior at this confining pressure is also shown. Clearly, as the

sodium silicate content of the grouted samples increases, the stress-strain

curve becomes steeper (the sample is stiffer)
, the stress at failure is

larger, the strain at failure is smaller, and the post failure behavior

exhibits a more brittle response. It is particularly interesting that the

residual strength at large strains (e > 6%) of all of the grouted samples

tends to be the same as that of the ungrouted sand. This behavior suggests

that once the grout bonds are completely broken on the failure plane, the

residual strength is simply that of the sand to sand friction. Several

photographs of failed samples are shown in Fig. 3.7; bulging of the samples

occurred at low silicate contents while at higher silicate contents a

sharp failure plane formed. These modes of failure are consistent with

the observed relative stress-strain behaviors.

The volumetric strains measured in the tests indicate that near failure,

all of the samples began to expand, a behavior characteristic of dense,

ungrouted sand. It is not clear if this is simply a reflection of the

sand component of behavior or a characteristic tied to the breaking of the

grout bonds. This aspect is now under further study.

The results shown in Fig. 3.5 are the same as those of Fig. 3.4, except

2
that the confining pressure used in the tests is 10 psi instead of 138 kN/m

(20 psi). Trends in Fig. 3.5 are the same as those in Fig. 3.4, only the

stresses at failure are lower as would be expected because of the lower con-

fining stresses.
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In Fig. 3.6, a series of triaxial tests on 30% silicate samples dem-

onstrates clearly the effects of confining pressure on behavior; results

2
for tests performed at confining pressure of 0, 69, and 138 kN/m (0, 10,

20, psi) shown. As the confining pressure increases, the failure stress

and initial stiffness of the grouted soil increases. It is also interest-

ing that while the unconfined sample fails in a brittle mode, showing a

significant if not total, loss in strength after failure, the confined

samples demonstrate a strong residual component in strength. The residual

component in strength for the confined samples is essentially equal to

that of the ungrouted sand.
0

In summary, the results in Figs. 3.4 - 3.6 show that, as expected,

chemical concentrations have a significant influence on behavior. They

also show that confining pressure plays an important role; higher confining

stresses result in higher peak and residual strengths and higher soil stiff-

nesses. This is particularly important since grouted zones are usually

buried in the ground and are subjected to confinement by the surrounding

soil.

Effect of Age

All of the test results in Figs. 3.4 - 3.6 are for samples of approx-

imately the same age; curing times are in the range of 8 to 13 days.

Unconfined compression tests were also performed on samples aged over long-

er periods of time. The effects of aging are illustrated by the stress-

strain curves in Fig. 3.8 for 50 percent silicate samples tested at ages

of 7 and 107 days. The results show that the older sample is almost

twice as strong and has an initial tangent modulus more than twice that

of the younger sample. It is thus clear that age is an important factor
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which must be considered in developing a stress-strain response for sili-

cate stabilized soil.

Effect of Constant Load

As was noted in Chapter II, silicate stabilized soils tend to creep

under constant load. Two tests of this type were performed in the first

year program in order to determine the degree of the effect on the stabi-

lized soils of this investigation. Both the samples were stabilized with

the 50% silicate mix and were loaded in unconfined compression to one

half of the failure load determined in the constant strain rate tests

performed at a strain rate of 0.15% per minute.

The deformat ion- time response curves are depicted in Fig. 3.9 and

they show a behavior identical to that described in Chapter II by Koenzen

(1975). There is an immediate deformation under initial load application,

followed by a slow seemingly stable creep period but terminated by creep

rupture after about 8 to 12 hours. According to Koenzen (1975) and Warner

(1972), this is characteristic of most grouted soils. In unconfined com-

pression the constant loads may need to be as low as 20% of those from

quick loading tests in order to prevent creep rupture under constant load-

ing conditions. Thus, the present tests are consistent with previous

results and it is apparent that, in addition to the other variables which

influence grouted soil behavior, time effects need strong consideration

in developing a method for selecting design parameters. Future work in

this study will be devoted to this end.

Strength of Grouted Samples

Peak strength values for all tests performed are listed in Table 3.2.

In the following discussion the influence of key variables is isolated.
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Effect of Confining Pressure on Strength.

The effect of confining pressure on strength is best depicted via a

plot of the values of (a, -o„) r . , vs. (a. + ad r . n from the tests.r 13 failure 1 3 failure

This type of plot is similar to a Mohr diagram except that a Mohr circle

is represented by a single point, the coordinates of which are the maximum

shear stress at failure, (o^ - G )^, and the maximum principal stress sum,

<a
i
+ A straight line connecting points on this diagram is indica-

tive of a straight line Mohr envelope; the slope of the line is sincf) and

the intercept is 2 x (cohesion) x coscj).

In Fig. 3.10, all of the results are shown from triaxial tests per-

formed on samples of Monterey No. 16 sand stabilized using a 30 percent

silicate grout. Different data symbols are used to distinguish samples

which were obtained from split and nonsplit tubes and those which included

CaC^ acceleration and those which did not. Curing time for all samples

was between 3 and 7 days. Also shown for reference in Fig. 3.10 is the

strength envelope for the ungrouted Monterey No. 16 sand. A total of

40 tests were used to develop this plot; many were duplicates to insure

repeatability of the test results.

The data show very consistent trends which may be summarized as follows

1. The strength of the grouted soil samples increases with confining
pressure in a similar sense to that of a simple frictional material

2. Essentially the same friction angle may be used to characterize
the slope of the strength envelope for both the grouted and un-
grouted sand. Only a cohesion intercept distinguishes between
the various strength envelopes.

3. The addition of CaCl.-, to the grout mix results in a higher cohesive
strength than if it is not used, but no change in friction angle
(this may be due to different curing rates only).
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4. There is no apparent difference between samples obtained from
split or nonsplit tubes (this is not the case at higher silicate
contents)

.

The finding that the grouted samples demonstrate both frictional and

cohesive strength components is not surprising since a grouted sand is a

two phase material. That the slope of the strength envelope is the same

as the ungrouted sand is probably true only for samples injected with a

weak grout mix, such as was used in the case of the results in Fig. 3.10.

The friction angle would appear to reflect the amount of the sand strength

mobilized, and because the failure strains for the weakly grouted samples

are very near those of the sand only samples (see Fig. 3.5 and 3.6), the

sand strength could be fully mobilized along with that of the grout, lead-

ing to the same friction angle for grouted and ungrouted samples.

Effect of Sand Grain Size on Strength.

Using the same coordinates as in Fig. 3.10, the strength data for 11

triaxial tests on Monterey No. 30 sand stabilized by a 30% silicate grout

are plotted in Fig. 3.11. By superimposing the strength envelope from

Fig. 3.10 for stabilized Monterey No. 16 sand on Fig. 3.11, it is apparent

that there is little difference in the results of tests on the two sands.

It thus appears that changing the grain size of a uniformly graded sand

has little influence on grouted soil strength.

Effect of Sodium Silicate and Formamide Concentrations on Strength.

In Fig. 3.12, peak strength results of triaxial tests are plotted for

Monterey No. 16 sand stabilized with the following grout mixtures:
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Sodium Silicate

%*

30

50

70

by volume

Formamide Water

>'« >'c

% %

6 64

9 41

12 18

No CaCl^ was used in any of the cases since the acceleration was not

needed. Split sample tubes were used in all cases.

The results in Fig. 3.12 demonstrate that: (1) the strength of all

the grouted samples increases with confining pressure, regardless of

chemical concentrations in the grout; and, (2) the higher the chemical

concentrations, the stronger the grouted soil, with the primary influence

of higher concentrations to increase the cohesion of the strength envelope

while the friction remains reasonably constant. The increase in strength

with chemical concentration is not unexpected however, it should be noted

that it is not automatic to obtain such an increase. Use of an inadequate

amount of hardner with a high percent silicate, or use of insufficient

mixing can produce an irregular gel which does not generate the strength

it should. For example, the results for tests on the 70% silicate samples

with only 6% formamide (see Table 3.2) show that the strengths are less

than those of 50% silicate samples with 9% formamide. Six percent forma-

mide is not adequate to gel a 70% silicate solution and thus the beneficial

effects of the higher silicate solution are not realized. The effects

of insufficient mixing are similar since certain areas of the silicate

solution in the soil are not gelled because of insufficient hardner in

these areas. To determine the adequacy of mixing and hardner content,

a grout solution should be mixed following a standard procedure and set

aside in a clear container so that the uniformity of the gel can be

visually examined.

In spite of the different results obtained with the different grouts.
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all of the results show a strong frictional component of strength,

i.e., the strength increases with confining pressure. The friction angle

for the higher silicate content samples seems to lie between 30 and 40

degrees. Although these samples fail at very low strains it appears that

some of the frictional strength of the sand is mobilized and contributes

along with that of the grout. Additional triaxial tests at higher pres-

sures need to be performed to understand this phenomenon better.

The increase in the cohesion intercept with the silicate-formamide

percentage of 30-6, 50-9 and 70-12 is demonstrated in Fig. 3.13. Cohesion

increases at an increasing rate at higher chemical contents.

Effect of Age on Strength.

The influence of age on the unconfined strength of Monterey No. 16 sand

stabilized by the 30 percent silicate grout mix is demonstrated in Fig. 3.14.

The greatest gains in strength are obtained early on during aging; however,

insofar as the tests have been carried (110 days)
,

the strength has conti-

nued to increase.

Effect of Split vs. Unsplit Sample Tubes on Strength.

It was shown in Fig. 3.10 that for a 30 percent grout mix that strength

of samples obtained from split sample tubes were essentially the same as

those for samples jacked from nonsplit tubes. This finding is not the case,

however, for samples with higher chemical concentrations in the grout. At

higher chemical concentrations it was apparent that high jacking pressures

had to be used to extrude the samples from the nonsplit tubes, whereas the

30 percent silicate samples could be easily pushed from these tubes. A

comparison of unconfined strengths for 30 and 50 percent silicate grout

mix samples in Table 3.3 shows the effects of use of split vs. unsplit

t ub e s

.
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TABLE 3.3 EFFECTS OF TYPE OF SAMPLE TUBE

Average Unconfined Comp. Strength

kN/m^ (psi)

Unsplit Tube Split Tube

186 (27) 180 (26)

793 (115) 1413 (205)

Split sample tubes are now used exclusively in all tests.

Initial Tangent Modulus Values - Grouted Samples

The portion of the stress-strain response of most importance to design

is likely to be that before failure is reached. A useful index for com-

paring the relative stiffness of the stress-strain behavior before failure

is the modulus determined from the tangent to the initial portion of the

stress-strain curve, the so called initial tangent modulus, E_^. This para-

meter is widely used in soil mechanics.

Unfortunately, the direct determination of the initial tangent modulus

by drawing a tangent to the initial portion of the curve is a highly sub-

jective process. A more consistent technique has been described by Duncan

and Chang (19 70). Briefly, this involves transposing the stress-strain

curve to a straight line as shown in Fig. 3.15 by plotting the results as

(axial strain) / (cr^ - a^) vs. axial strain. The resulting transformed

straight line is extrapolated to zero axial strain and the inverse of the

intercept value at this point is the initial tangent modulus. This proce-

dure was applied in evaluation of initial tangent modulus values for the

available test results.

Grout Mix

Silicate

%

30

50

Formamide

%

6

6
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(a) Actual Stress-Strain Response

(b) Transformed Stress-Strain Curve

FIGURE 3.15. DETERMINATION OF INITIAL TANGENT MODULUS
FROM TRANSFORMED STRESS-STRAIN CURVE
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Modulus values for all triaxial tests on split tube samples of Monterey

No. 16 sand cured between 8 and 13 days, are shown in Fig. 3.16 plotted

vs. the confining pressure, using log-log scales. Different grout mixes

are represented as well as the data for ungrouted sand. Conventionally,

tests data of this type for ungrouted sand show that the modulus, E_^,

increases linearly with the confining pressure on such a plot. This

linear relationship is empirically fitted by the equation:

n

E. = Kp v

p
; 3.1

x a r a

in which, p a = atmospheric pressure, = the confining stress, K is the

intercept of the line at G^/

p

a =1.0 and n is the slope of the line. For

sands, n is commonly 0.5 and K lies between 150 and 800 depending upon

density

.

The data obtained for the ungrouted sand and shown in Fig. 3.16, fol-

low the conventional linear trend with a slope of 0.5. The data for the

grouted sands show similar relationships with slope 0.5 or slightly less.

The intercept values, K, are higher for the grouted samples, however, with

the K values increasing with chemical concentrations used in the grout.

In fact, the modulus values at any given confining pressure tend to have

relative magnitudes in the same sense as the strength values discussed in

the preceding section. For example, the highest values occur for the

samples with 70% silicate grout mix and the lowest values occur for the

samples with the 30% silicate grout mix.

Other factors than grout mix components and confining pressures also

influence the initial tangent modulus values. Qualitatively the effects

are the same as observed for the strength of the grouted samples. Major
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factors would be age of the material, rate of loading, curing environment,

etc. Further studies are underway to define these effects.

SUMMARY

The laboratory test program has progressed as planned. Equipment

has been developed which allows creation of stabilized soil samples

which can simulate a variety of grouting environments. Numerous duplicate

tests have shown that reliable and repeatable results can be obtained.

Over 80 tests have been performed in studies of a number of the key

variables which influence grouted soil behavior. The data give a uni-

quely detailed insight as to the effects of chemical concentrations in

the grout mix, confining pressure and large strains. Strength and modu-

lus values are defined in terms of a conventional soil mechanics frame-

work.

The results of this first year effort and those of previous inves-

tigations reviewed in Chapter 2 show that the engineering behavior of

grouted soil is complex. However, a fuller understanding of this behavior

is arising from the work and it appears that an analytic modeling tech-

nique for the stress-strain response can be developed. Further testing

will be devoted to a better definition of behavior under the actual

stress paths and time spans encountered in typical tunneling operations.
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CHAPTER IV

FINITE ELEMENT CODE DEVELOPMENT AND PARAMETRIC STUDIES

<•

In Chapter 2 it was noted that there is no design methodology for

choosing sizes strengths and stiffnesses of grouted zones which are in-

tended to limit movements above tunnels. The lack of a design approach

to the grouted tunnel problem probably results from the fact that until

only very recently there were no analytical methods which could reasonably

simulate the complex facets of the problem. The finite element method,

however, offers a tool which has the capability to consider most of the

important variables in grouted tunnels, including nonhomogenous soil

conditions, complicated loading and geometry, and involved material

response. Nonhomogeneous subsurface conditions are the norm in urban

areas with an additional twist added by the presence of the grout zone.

The use of noncircular tunnels and different grout zone shapes, the pre-

sence of other tunnels nearby, the increase of gravity loading with depth,

and the location of the tunnel near the ground surface all contribute to

the complexity of the geometry and loading. The nonlinear, stress-depen-

dent, inelastic stress-strain behavior of soils and grouted soils necessi-

tate their representation by involved constitutive relations.

This chapter describes the development of a general purpose finite

element code for analysis of the grouted tunnel problem. The code con-

tains plane strain and axisymmetric options, which allow economic study

of the major variables influencing grouted tunnel behavior. To demonstrate

the capability of the code, the results of a series of analyses are pre-

sented herein, demonstrating the effects of grout zone size, stiffness and

strength on surface settlements above the tunnel. In Chapter 6, the code

is applied to a complicated case history from the Washington Metro.
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DEFINITION OF THE PROBLEM TO BE ANALYZED

In Fig. 4.1, the process of shield excavation and liner support

of a tunnel in chemically stabilized soil is depicted. The purpose of

the stabilization in limiting surface movements is to prevent movements

towards the face of the shield during shield passage and to limit radial

movements around the shield and liner, which tend to close the annular

gap left after passage of the shield. The annular gap may be as small

as 7cm if the shield is well aligned but may reach 20cm if the front of

the shield is pitched upwards along the tunnel axis. An upward pitch of

the shield is not uncommon due to thrust forces created during a shove;

this is called "plowing" in tunneling vernacular.

As is apparent from Fig. 4.1, the stress and deformation system around

the tunnel is three-dimensional. However, it is uneconomical, and not

even particularly desirable at the present stage to make three-dimensional

finite element studies of tunnels in chemically stabilized soils given

our present lack of knowledge about grouted soil behavior. In this inves-

tigation, plane strain and axisymmetric idealizations of the problem are

used

.

Plane strain analyses allow study of a section cut across the tunnel

axis; in this case, surface effects are included and effects of soil

stabilization on critical surface settlements can be evaluated (see Fig. 4. 2).

A plane strain analysis is conservative in the sense that it does not rec-

ognize the support provided by the liner which is already in-place behind

the shield. It is unconservative in the sense that it does not account

for movements towards the excavation face which can lead to surface

settlements. Fortunately, in reasonably stable systems, the effects of
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movements towards the face are small and, on balance, the plane strain

type analysis should predict conservative estimates of surface settlements

and represent a useful design tool.

In order to fully document the effects of the stresses induced ahead

of the tunnel face, an axisymmetric idealization of the problem is also

used in this study (see Fig. 4.2). This case can model the three dimen-

sional system around the advancing tunnel face using no more unknowns than

required for the plane strain case. However, the axisymmetric representa-

tion cannot simulate the horizontal surface above a shallow tunnel, and

instead applies primarily to deep tunnels where surface effects are small.

DESCRIPTION OF FINE ELEMENT CODE CAPABILITES

In developing the finite element code for this investigation, it was

considered desirable to handle the following items:

1. Nonuniform initial stress fields

2. Nonhomogeneous soil conditions

3. Arbitrary shapes and sizes of stabilized zones

4. Arbitrary geometry and surface loads

5. Nonlinear, time-dependent material response

6. Usual and unusual excavation sequences

7. Groundwater, dewatering and seepage effects

8. Liner restraint on annular gap closing

9. Effects of shield "pitch"

10.

Both plane strain and axisymmetric conditions

As of the writing of this report all these capabilities have been

built into a finite element code except the time-dependent material
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response; work is underway on this aspect. In the following paragraphs,

specific important aspects of the code are discussed.

Type of Element

The finite element program makes use of the isoparametric QM5 quadri-

lateral element developed by Doherty, Wilson, and Taylor (1969) for both

plane strain and axisymmetric analysis. Triangular quadrilateral elements

can be handled by the program. The efficiency and response of this element

are good when compared to others and it suits the needs of the present

study

.

Stress- Strain-Mode Is

In the current program, two types of stress-strain behavior can be

simulated; (1) linear elastic response; and, (2) nonlinear, stress depen-

dent response. Neither of the models can simulate time dependent response;

this capability is being added to the program during the second year of

the research. The nonlinear behavior is handled via a pseudo-elastic

approach which allows the shear modulus of a material to vary with the

magnitudes of the shear and hydrostatic stresses calculated. The bulk

modulus is taken to vary only with the level of the hydrostatic streses.

Details of this procedure are given by Duncan and Chang (1970) and Clough

and Duncan (1971). The technique has been shown in numerous practical

soil mechanics applications involving widely varying soil types to yield

reasonable stress-strain response so long as substantial failure does not

occur. As will be demonstrated later in this chapter, this behavior as-

pect is not a major problem for grouted tunnels designed with an adequate

factor of safety.
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A comparison of the theoretical stress-strain response predicted by the

nonlinear elastic model and that observed for grouted soil in a typical

O
series of triaxial tests using confining pressures of 0, 70, 190 kN/m

is shown in Fig. 4.3. The theoretical model can be seen to correctly

simulate confining pressure effects and shear stress levels on the stress-

strain behavior up to failure. Thus, under the short term types of load-

ing the nonlinear elastic model should reasonably simulate grouted soil

behavior. Because the model parameters can be readily determined from

conventional laboratory data, it is practical to use.

Simulation of Excavation Effects

The basic procedure for simulation of excavation effects as adopted

in the program as follows:

1. Reduction of the stiffness of the material in the areas to be
excavated to near zero.

2. Applying a set of forces to the excavation boundaries which are
of such a magnitude so as to cancel all boundary normal and shear
stress

.

The critical aspect of this procedure is in the determination of the

excavation forces. In a subsequent section of this report, proof of the

accuracy of the techniques used in the present code is presented.

The code allows for several calculation-related refinements during

the simulation of excavation. First, the tunnel or opening may be

excavated in any incremental sequence desired, via full face or multiple

drifts. Second, during any excavation step, the excavation forces may be

applied as a series of substeps, chosen by the user. This can be important

when nonlinear material response is being modeled since only small load-

ing steps may be acceptable for solution convergence. The breakup of the

excavation loads is also important in including effects of liner support
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as is described in the following sections of the report. The third

calculation refinement included in the code is through the use of itera-

tion, which can be applied to any excavation step or substep. Iteration,

which leads to accelerated solution convergence, proceeds in the follow-

ing manner:

1. Prior to applying an excavation load step, the stress-strain
parameters for each element in the finite elements mesh are
calculated based upon shear and hydrostatic stress values for

each element.

2. The load step is applied and deformations and stresses are
calculated

.

3. The stresses from Step 2 are averaged with the initial stresses
and new stress-strain parameters are calculated based upon
the average stresses.

4. The application of the load step is repeated or iterated using
the new stress-strain parameters to formulate the element
stiffnesses

.

5. Steps 3 and 4 are repeated as desired until satisfactory
solution convergence is obtained.

Convergence can be defined in terms of the percent change of the stress-

strain parameters calculated from successive iterations. This percent

change will diminish as iteration proceeds. As a practical matter, con-

vergence is usually rapid with no more than two iterations required.

Accurate calculation of the excavation boundary forces is accomplished

by a technique described by Clough and Duncan (1969). To develop the

forces, the stresses at each node on the excavation boundary are first

determined by interpolation using the known stresses at the centroids of

the nearest four elements to each node. The horizontal, vertical and

shear stresses are determined using an interpolation function of the type

O = a + bx + cy + dxy 4.1
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in which x and y are the coordinates of the boundary nodal point and a,

b, c, and d are interpolation coefficients determined from the stresses

of the four surrounding elements. It should be noted that the interpola-

tion elements should be specified in a symmetrical manner around a tunnel

opening. During the second year of the research effort, a User’s Guide

will be produced for the finite element program which will cover details

of this nature so as to insure its correct usage.

The excavation forces which are applied to the excavation boundary

to reduce stresses to zero are calculated from the nodal stresses deter-

mined by the interpolation technique. In calculating the forces, the

boundary stresses are assumed to vary linearly between the nodal values.

The forces are then determined by integration of the stresses over the

boundary area.

The resulting features used to model excavation of the tunnel in the

finite element code are accurate and flexible and provide an efficient

solution scheme. Essentially arbitrary excavation procedures may be

modeled within the context of complex geometric configurations.

Modeling Effects of Liner and Shield Pitch

The radially inward movement of the soil around the tunnel during

and after shield passage leads to all important surface settlements.

The degree to which these movements will occur is primarily a function of

ground conditions, geometry of the tunnel, location of the tunnel relative

to the ground surface and other tunnels, stabilized soil zone site and

properties, and method of tunneling. The method of tunneling will, among

other things, determine the size of the annular gap, "t " (Fig. 4.1),
§

which must close or be supported by pumped-in pea gravel or cement grout
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before closure. If the gap should close entirely before grouting, the

liner would support the soil and limit any further movement. The liner

serves as an ultimate restraint on inward soil movements.

In the plane strain analysis techniques described thus far, there are

no restraints on soil movements into the tunnel. To remedy this situation,

an option was added to the finite element program whereby a series of

radial springs can be installed inside the tunnel which can serve to limit

movements (see Fig. A. 4). These springs are programmed to be activated

only if the inward radial movement of a node exceeds a designer specified

value, a value which would presumably equal the expected annular gap thick-

ness at a given node. By providing flexibility in modeling gap closing,

both desirable and undesirable tunneling methods may be simulated. For

example, if the effects of an upward pitch of the shield is to be modeled,

the gap opening which must close before the liner springs react would be

set at a large value. The stiffness of the springs is taken as that of

the liner subdivided by the number of springs to be employed.

In the finite element code, the activation movement for each spring

can be different so as to reflect the fact that the gap thickness at dif-

ferent locations around the shield may be different. The springs thus can,

in a practical sense, reflect the restraint effects of the liner in cases

where large inward soil movements occur. This is essential where the soil

stabilization zone does not completely surround the tunnel and collapse

of unstabilized soil would occur.
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FIGURE 4.4. RADIAL LINER SPRINGS USED TO LIMIT INWARD
MOVEMENTS AROUND TUNNEL
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TESTING OF THE PLANE STRAIN ANALYSIS CAPABILITY

Following development of the finite element code, analyses were per-

formed to verify the important aspects of it. The method of testing in-

volved comparing finite element calculated results for the problem of a

uniformly stressed continuum with a cylindrical hole in it, to those

predicted from linear elastic theory for the same problem. Details of

the problem are given in Fig. 4.5.

Two different types of test analyses were made, the first treating

the problem as an initially unstressed medium subjected to external uniform

boundary stresses with the "hole” in the center of the mass made up of

elements with very low stiffness values. The second type of test analysis

involved originating with a uniformly stressed medium from which elements

are excavated to form the cylindrical hole. The first type of analyses

were performed to determine if the presence of low stiffness elements in

an "excavated" zone influence the predicted results. This is an important

aspect in the simulation routine for excavation. The second type of ana-

lyses allow the actual excavation routine to be checked. Both types of

analyses should yield the same answers if the code is correct.

The finite element mesh used in all the studies is shown in Fig. 4.6.

Note that the boundaries of the mesh are located some 30 radii from the

hole. This location was chosen by trial. Moving the boundaries in closer

results in a savings of elements, but a sacrifice in accuracy. With the

boundary at six radii from the hole, there is an additional two percent

error in calculated results relative to the case with the boundary at

30 radii from the hole. The excavation sequences used to test the ele-

ment removal scheme are shown in Fig. 4.6. The excavation is carried
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FIGURE 4.5. PROBLEM ANALYZED IN PLANE STRAIN
VERIFICATION STUDIES
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in two different ways; first, in one step all the material was removed;

second, the material is removed in three small steps (See Fig. 4.6). Since

the problem being analyzed is linear elastic, either simulation should

give the same answer. However, the three step case allows a test of the

capability of the program to model excavation in stages, a common proce-

dure .

Results - Initially Unstressed Medium With a Cylindrical Hole Subjected

to Boundary Stresses

Five runs were made for this case, using modulus values for the "air"

-6 -19
elements in the hole ranging from 0.5x10 to 0.5x10 times the modulus

of the plate. In all cases, the radial and tangential stresses and dis-

placements were within one percent of the theoretical solution results,

with the modulus of the air elements having little to no influence. This

finding means that (1) the program is working correctly on a general basis

and, (2) the representation of "excavated" material by elements with low

stiffness values is a satisfactory procedure.

Results - Initially Stressed Medium With Cylindrical Hole Excavated in

Stages

The results of these analyses were equally as satisfactory as those

of the preceding case. A plot of the theoretical radial and tangential

stresses is shown in Fig. 4.7 compared to the finite element results for

both the one and three stage excavation simulations. No difference can

be discerned for any of the results. The accuracy of the finite element

results is better depicted in Tables 4.1 - 4.4 which give percent

errors relative to the closed form results for the radial and tangential

stresses at various points in the system. The
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maximum error is only three percent and this occurs in one isolated case.

Generally, the error is less than one percent.

In summary, the following conclusions may be made from the results

of comprehensive testing of the plane strain analysis capability of the

finite element program:

1. The program performs plane strain analyses correctly, producing
results that are in excellent agreement with those predicted
by theory.

2. The modeling of empty space by "air" elements of low modulus is

valid, leading to results that are stable (insensitive to a

variations in material properties specified for the "air" element)

.

3. Excavation is correctly simulated by the excavation procedure
followed by the program.

TESTING OF THE AXISYMMETRIC ANALYSIS CAPABILITY

To verify the axisymmetric analysis capability of the finite element

program, several analyses were performed and their results were compared

with theoretical predictions. The problem analyzed was that of a thick

walled cylinder subjected to uniform external radial pressure. Closed

form tangential and radial stresses and radial displacements are given by:

2 2 2
tangential stress = OL = p b (a + r )

2 2 .

r (b - a )

2 2 2
radial stress = cr = p b" (r"~ - a )

r
2 2 2

\r (b - a )

Or, - VO
radial displacement = r b r

where for the problem analyzed,

p = uniform external radial pressure = 10000 kN/m
z

a = inner radius = 2m
b = outer radius = 10m
V = Poisson's ratio =0.3

^ 9

E = modulus of elasticity = 2 x 10 kN/m
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Three finite element verification analyses were performed: (a) an

analysis where elements within the inner radius were assumed to be "air"

and uniform boundary pressures are applied on initially unstressed cylin-

ders, (b) and (c) an analysis where the cavity was excavated in one step

and two steps respectively from an initially uniformly stressed cylinder.

The theoretical and finite element predictions are compared in Tables

4. 5-4. 7 for all three cases. The following may be observed:

1. There is excellent agreement in tangential stress results
for all three cases when compared with theory. Percentage
errors are less than .4%, with several values that are exactly
correct

.

2. There is excellent agreement in radial stress results. Per-
centage errors are, with one exception, less than 1%.

3. There is excellent agreement in radial displacements with
zero errors for the first two analyses, and percentage errors
less than .05% for the 2-step excavation analysis.

4. There is essentially exact similarity of results for the no-
excavation and the one and two-stage excavation cases, thus
verifying the validity of the excavation procedure in axisym-
metric analyses.

PRELIMINARY PLANE STRAIN PARAMETRIC STUDIES

The preceding sections of this chapter have documented the new code

capabilities and the accuracy of the results. In the following paragraphs,

the code is applied to a series of hypothetical problems which allow a

preliminary definition of the degree of support provided by chemical

stabilization of the soil around a tunnel.

Problems Studied

The geometry of the problems analyzed is depicted in Fig. 4.8. The

stabilized soil zone surrounds a tunnel which has a diameter of 7m with

its crown some 10m below ground surface. Soil is assumed to be a
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FIGURE 4.8. DETAILS OF PARAMETRIC STUDY PROBLEMS
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homogeneous medium sand with no groundwater table present. The stabilized

zone is square in shape; its thickness was varied in the studies to deter-

mine the influence of this factor. The thickness, defined as the smallest

dimension remaining after tunneling (see Fig. 4.8), was varied from 0.5m

to 4m, values typical of those used in practice.

Finite Element Representation

The finite element mesh used for the analysis is shown in Fig. 4.9.

Only half the problem is modeled in the mesh because of symmetry along

the vertical axis through the tunnel. The problem would also have a line

of symmetry along the horizontal axis if the initial stresses were taken

as uniform; this is not the case because an initial gravity stress field

is used with the vertical and horizontal stresses increasing linearly.

The rightmost and bottom boundary of the mesh are placed in the mesh

so as to be far enough away to have little to no influence on the calcu-

lated results. The right most boundary is located some 12 tunnel radii

from the line of symmetry. The mesh consists of 401 elements and 436

nodes

.

Material Parameters

Material parameters ncessary to define the behavior of the nonlinear

stress-strain model used in the program are:

1. Cohesion, c

2. Angle of Internal Friction, <p

3. Unit weight, Y6 ’ a n

( —

)

4. Modulus Number, K [E. = Kp pa , refer to Chapter III

for details]

5. Modulus Exponent, n

6. Poisson's Ratio, U

99



m
rd

O ro
CNJ CM

U313IAI

in

CD ^
CM CM

^ <d-

ro ro

100

FIGURE

4.9.

FINITE

ELEMENT

MESH

FOR

PARAMETRIC

STUDY

PROBLEM



For the ungrouted medium dense sand, parameters for similar materials

were obtained from the literature. Parameters for the grouted sand were

varied in the different analyses so as to represent a weak, a medium, and

a strong stabilization effect. The values of the parameters were selected

so as to be consistent with, but well on the conservative side of the re-

sults indicated for grouted soil behavior in Chapter III. It was consi-

dered unwise to use the peak strengths and stiffnesses found in the rela-

tively short term tests used in most of the laboratory work in view of

the longer periods of loading which actually occur in tunneling. In

the field, a grouted soil may be loaded over a period of several days

before liner support is supplied and brought into contact with the soil.

Future efforts will be concentrated on better definition of properties

for the actual tunneling problem via the continuing laboratory and field

behavior documentation work.

Values of the parameters used in these preliminary studies are given

in Table 4.8.

TABLE 4.8.

PARAMETERS USED IN PRELIMINARY GROUTED TUNNEL ANALYSES

Coefficient
Soil Type Unit Weight

kN/m
Cohesion

kN/m2
<J>

K

Poisson *

s

n Ratio
of Lateral
Earth Pressure

Sand 19 0 38 400 0.5 0.3 0.5

Weak Stabilized 19 34.5 38 900 0.2 0.48 0.5
Sand

Medium Stabilized 19 103.5 38 1200 0.2 0.48 0.5
Sand

Strong Stabilized 19 172.5 38 1500 0.2 0.48 0.5
Sand
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The designations weak, medium and strong stabilized sand correspond to

2unconfined compressive strengths of 142, 424, and 707 kN/m respectively

These values derive as a direct result of the friction angles and cohesion

values given in Table 4. 3.

Loading and Tunneling Conditions

Initial stresses were taken as representative of a gravity stress

field. Vertical stresses increase linearly with with depth and horizontal

stresses were obtained by multiplying the vertical stresses by the lateral

earth pressure coefficient of 0.5. Excavation generally was carried out

in the program in two stages, with two iterations performed on each stage.

This procedure was found to yield convergent results which were in agree-

ment with those obtained using more stages and/or more iterations.

The process of shield tunneling through the grouted zones in the para-

metric studies was assumed to lead to creation of an annular gap around

the liner of 14 cm. Should the gap close, the "liner springs" discussed

previously are activated to limit further movements. A 14cm annular gap is

likely to occur only in poor tunneling practice, but this situation is

felt to best illustrate the effects of grouting. In future studies,

other tunneling procedures will be considered.

Results

Typical predicted surface settlement profiles are shown in Fig. 4. 10,

Maximum settlements range from 40 mm for the weakest and thinnest grout

zone to 4 mm for the strongest and thickest grout zones. Settlements for

the case of no grout are shown in Fig. 4.10 for comparative purposes and

reached a maximum of 105mm, more than double that of the weakest grout

zone. Movements around the tunnel opening were in no case large enough
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to activate the tunnel "liner springs." The shape of the predicted sur-

face settlement curves is in agreement with that usually observed above

tunnels. Magnitudes of the settlements are also quite reasonable, being

somewhat less than those reported for ungrouted tunnels.

Plots of the effect of grout zone size and strength/stiffness on

maximum surface settlement are shown in Figure 4.11. They show that

a given settlement value may be attained through different combinations

of grout zone size and strength/stiffness. The choice of a particular

combination to be used in practice must eventually be governed by cost

considerations. They also show the diminishing effect on minimizing

settlement in using larger and larger sizes of grout zones. Similarly,

these plots show the diminishing effect on minimizing settlement of

increasing the strength/stiffness of grout. For example, for the case

of medium strength grout, increasing the size from 0.5 to 1.0 meter

reduces maximum settlement by about 8mm, while increasing the size from

1.0 to 1.5 meters reduced maximum settlement by only 5mm. For the 1.5

meter grout zone, an increase by a ratio of 3 from an unconfined com-

pressive strength of 141.5 to 424.4 caused a decrease in settlement

of 11mm, while an increase by a ratio of 5 from 141.5 to 707.4 caused

a decrease of only 16mm. Obviously, neither the use of very large or

very strong grouts is necessarily desirable.

Concerning the effect of grouting on stresses in the soil around

the tunnel, the finite element analyses reveal the following:

(a) When no grout zone is present, massive shear failure of

the sand occurs, with failure extending all the way to

the surface.
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(b) When a grout zone is employed, failure in the ungrouted sand
occurs only for the weakest and thinnest grout zone; even in
this case, only a small zone of failure occurs. The grout is

thus very effective in protecting the soil medium around the
tunnel from the stresses induced by tunneling.

(c) Using the weak grout representation, failure in the grout zone

is prominent for the 0.5 and 1.5m thick zones. Failure is limit-
ed to the inner 0.5m of the grout zone for large sizes.

(d) When medium strength grout is used, failure in the grout zone
occurs only in very limited areas for grout zone sizes of 0.5
to 1.5m, and does not occur at all for sizes of 2.0m and 4.0m.

(e) No shear failure occurs when high strength grout is used,
regardless of the grout zone size.

SUMMARY

A finite element code has been developed which can simulate the effects

of tunneling through a grouted zone. The code is extremely flexible and

allows the user to model a wide variety of variables associated with the

problem. Theoretical tests have been conducted to assure the validity of

the code.

Use of the finite element code in a series of parametric studies dem-

onstrated its value in assessing the effects of grouting in stabilizing

the soils around a tunnel. Where the grout zones fully surround the tun-

nel, failure in the ungrouted soil medium adjacent to the tunnel is essen-

tially eliminated for even weak grout representations. Use of moderate to

strong grout zones significantly reduces surface settlements. In future

work more extensive studies will be performed in order to develop some

simplified procedures for selecting necessary grout zone sizes and strengths

for limiting surface movements.
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CHAPTER V

FIELD GROUTING SITES

The laboratory testing program described in Chapter III has demonstrated

many important facets about the behavior of grouted soil. However, the

tests were all performed on samples created under ideal laboratory condi-

tions. The obvious question to be raised concerning results so obtained

is, "Will the response of a soil grouted under field conditions be the same

as that of the ideal laboratory samples?" In order to provide an answer to

that question, a series of field trials were set forth in the proposed work

for this contract.

The field trials were designed to proceed as follows:

1. Locate a site with reasonably uniform surficial sands.

2. Via a series of shallow injections, create bulbs of grouted soil
at the site using different grout types in the bulbs.

3. Excavate the bulbs, cut out a sample of each, and return the

samples to the lab.

4. Trim the samples and load test the soil to failure.

5. Inject, in the laboratory, samples of the natural sand from
the site with the grouts used in the field.

6. Perform load tests on the laboratory prepared samples.

7. Compare load test results between the laboratory and field
grouted samples.

As originally envisioned, there were to be four field trials utilizing

four injections of grout each. However, circumstances developed which

dictated an alteration of these plans. First, it became apparent that

there was little to be learned by grouting four different sites since it

has been shown that changes in grain size and sand density have only a

small effect on grouted soil behavior. Second, it was quickly obvious

that obtaining access to four well suited sites involved tedious and time-
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consuming negotiations which detract from the main effort. Third, the

opportunity arose to participate in an instrumented grouted tunnel pro-

ject in Washington, D. C.; this unique and invaluable work was undertaken

and it required some of the effort originally budgeted to the field trials

(see Chapter VI).

The final solution adopted was to grout at two local sites with more

grout mixes than originally planned when four sites were to be used.

GENERAL DESCRIPTION OF FIELD TRIALS AND RELATED LABORATORY WORK

The field trials were conducted by injecting single or multiple bulbs

of grout into surficial sands. Grouting was carried out by personnel of

the Pressure Grout Company under the direction of Mr. E. Graf. The

method of injection involved jetting a pipe into place and grouting through

the pipe. Because the overburden depth was so small, grout pressures were

kept small, 100 kN/m2
(15 psi) or less.

Five different grouts were used at each location; in several instances

the gel time of the same grout was varied in separate injections. The

stabilized sands were left to cure for two to three weeks, after which

each grout bulb was exposed by digging carefully around it. The photo-

graphs in Fig. 5.1 and 5.2 show examples of the grout bulbs after excava-

tion. Single bulbs of approximately spherical shape are demonstrated in

Fig. 5.1 (a) and (b) . A small diameter "neck" can be seen in each of these

cases to extend from the bulb to the ground surface. The "neck" is created

when the grout pipe is withdrawn and a small amount of grout leaks out in-

to the soil around the end of the pipe. Multi-bulb injection locations

are exposed in the photographs in Fig. 5.2.
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(a) Two Interconnected Bulbs

(b) Six Bulb Injection Where Bulbs Coalesced Into Large Mass

FIGURE 5.2. EXAMPLES OF MULTIPLE GROUT BULB INJECTIONS -

ALAMEDA TEST SITE
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Photograph 5.2 (a) shows a two-bulb overlap and Photograph 5.2 (b) shows

a mass created by the injection of six bulbs. These two injections will

be considered further later in this chapter.

After exposing the stabilized sand masses, the bulb or a piece of the

bulb was removed to the laboratory in a plastic bag. In the laboratory,

cylindrical test specimens of diameter 7.1 cm and length 16.5 cm
}
were

trimmed from the bulk samples and load tested in unconfined compression.

The unconfined compression tests were performed at a strain rate of 0.15%

per minute. A total of 28 of these tests have been performed to date and

approximately 12 more will be done to complete the first phase of this

work.

Additional work to be carried out involves testing of samples compar-

able to the field soils which is now underway. Also, the grout bulbs left

in the ground at the test sites will be sampled and tested again after a

six to eight month cure time to determine aging effects.

RESULTS OF WORK AT TEST SITE I - ROOSEVELT HIGH SCHOOL

The first test injections were carried out on the grounds of the Roos-

evelt High School in San Francisco; a location map is given in Fig. 5. 3

which pinpoints the site. This site was chosen for the following reasons:

1. The soils are sandy and easily groutable.

2. A complete geotechnical investigation of the site is available
courtesy of the City of San Francisco and Harding-Lawson Consulting
Engineers. This provides information on natural soil density,
grain size distribution and strength.

3. There is easy access because the school is closed for one year
for earthquake resistance renovation.
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FIGURE 5.3. SITE LOCATIONS OF TEST INJECTIONS
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4. Extensive ground stabilization work is being carried out at the

site and a substantial number of test results in addition to our
own work will be available via Harding-Lawson Consulting Engineers.

Soil Conditions

A typical soil profile at the site is depicted in Fig. 5.4, along with

information as to soil densities and basic characteristics. The soils

of most interest are in the upper 1.75 m ;
the grout bulbs were injected

at depths from one to 1.75 m. In this region, the soil is a loose

fine sand with some gravel fragments. Below this depth, clean sands are

found. Groundwater was not encountered down to a depth of 10 m
,
although

the sand was moist, particularly in the upper five feet.

Grain size curves for the sand in the upper five feet are also shown in

Fig. 5.2. Less than 10 percent of the material passes the number 200

sieve, and there was little to no plasticity in the fine fraction.

Test Injections

A plan view showing the layout of the seven test injections at Roose-

velt High School is given in Fig. 5.5. Only single bulb injections were

made at this site. The different grouts used at the injection points are

given in Table 5.1. Five different grout mixes were employed; four of

them using a silicate base and one using a urea base. Gel times of two

of the silicate grouts were varied from rapid set (0.5 min) to medium set

(10 min), in order to examine the influence of this variable.

Excavation of the bulbs went routinely, although considerable effort

was required. At each location a hand excavation was made exposing the

bulb. Generally, the entire bulb was extracted, placed in a plastic bag

and transported to the laboratory.
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NUMBERS CORRESPOND TO

FIGURE 5.5. LAYOUT OF TEST INJECTIONS, ROOSEVELT HIGH SCHOOL SITE
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TABLE 5.1

CHEMICAL GROUTS USED AT TEST INJECTIONS, ROOSEVELT HIGH SCHOOL

INJECTION
POINT

GROUT
NAME

BASE PERCENT
BASE

1 T-57 SILICATE 30

2 T-5 7 SILICATE 30

3 T-57 SILICATE 40

4 SIROC SILICATE 30

5 T-57 SILICATE 40

6 UREA UREA 15

7 SIROC SILICATE 40

* = proprietary

PERCENT
HARDENER

APPROXIMATE
GEL TIME
MIN

QUANTITY
INJECTED

GALS

* 0.5 33

* 10.0 33

i< 0.5 33

6 30.0 33

•k 10.0 33

O ui 1 M 15.0 33

8 30.0 33
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Load Test Results

Samples for the unconfined tests were trimmed from the bulbs by saw-

ing with a hacksaw and shaving with sharpened steel blades. This process

was tedious and required a substantial amount of time. Work is now under-

way to develop a drilling tool to allow one to obtain samples of the cor-

rect size quickly and simply.

Eighteen load test results for the field samples from Roosevelt High

School are summarized in Table 5.2. For any given grout type there is

a fair amount of scatter in the measured strengths, considerably more than

seen in the tests of laboratory grouted samples. The scatter is likely

due to the fact that the outer portions of the grout bulb were not as

strong as the inner portions, because of the difference in grout concen-

tration in the two regions.

Direct comparison of the strengths of the field samples to that of

laboratory grouted samples cannot be made until comparable grouting is

done for laboratory samples of the field site sands. This is now under-

way. Relative to the laboratory results of Chapter III, the age and

grout mixes of the samples are somewhat different. Only in the case of

the Siroc samples is there enough similarity so that a satisfactory com-

parison can be made. Fig. 5 . 6 shows a plot of unconfined compressive

strength versus age for laboratory tests on Monterey #30, sand stabilized

by 30 and 50% silicate Siroc mixes, and, superimposed on this plot are

the data for 30 and 40% silicate Siroc mix samples from Roosevelt High

School. The test results from the field samples are bracketed by the lab

test results indicating that there is reasonable agreement. More precise

comparisons will be available as the field sands are grouted in the laboratory.
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RESULTS OF WORK AT TEST SITE II - ALAMEDA ISLAND

The site of the second grouting trial was located in a hydraulic fill

area on Alameda Island near the Oakland International Airport (see

Fig. 5.3). This area was chosen because the soils were sandy and grout-

able and because the water table was within 1.7 m of the ground sur-

face. This allowed grouting in a saturated or near saturated environment.

The site is also a completely open area which allowed easy access and

which will be available for later testing of grout bulbs that have been

left in the ground for later sampling.

Soil Conditions

The subsoil profile at the site is depicted in Fig*. 5.7; the upper five

feet are uniform clean sands. At about 1.7 m a thin 7 to 10 cm layer

of black, organic silt is encountered. This layer is important relative to

the grouting since it cannot be penetrated by the grout. Its depth below

the surface varies by several inches from point to point in the area

of the grouting tests. Below the silt layer a slightly organic sand

is encountered which contains considerable shell fragments. The water

table generally rises to a height just above the organic silt layer.

Grain size curves for the upper and lower sands are shown in Figure

5.7. All of the curves indicate the sands to be uniform and fine

grained; the sand above the water table contains no material finer

than #200 sieve while that below the water table contains around 10

percent material finer than the #200 sieve.

Test Injections

A total of five locations were injected with grout as indicated

in the plan view in Figure 5.8. Three of the injections used 180
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©
©
©
©

© ©
60 GAL 180 GAL.

- T 57, 20% SILICATE

- T57, 26% SILICATE

" SIROC ,33% SILICATE _©
- REG 25% UREA

180 GAL
— REG 15% UREA

1 m.

Note; 60 Gal. injections are single bulbs.

180 Gal. injections are six 30 gal.

multiple bulb arrays as below.
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gallons and two used 60 gallons. The 60 gallon injections were intended

to create one large bulb while the 180 gallon injections were performed

in a series of stages so as to create three slightly overlapping small

bulbs with centers about four feet below the surface and three other

overlapping bulbs with centers at about six feet below the surface.

The upper three bulbs were expected to be located in the moist sand

above the thin silty clay seam found in exploratory borings at about 1.7 m.

The lower three bulbs were to be created in the saturated slightly organic

sand layer below the silty clay seam. Details of the grouts used are

given in Table 5.3.

Pictures of the two 60 gallon injections were described previously

in Figure 5.1. These injections produced essentially ideal spherical

bulbs. However, the three 180 gallon injections resulted in a differing

product in each case. At injection point 1, the grouted soil was too

weak to be sampled; this was presumably caused by the low silicate

content of the grout mix. Outlining the stabilized zones by means of

phenolthalin indicator showed that the bulbs in this case were relatively

spherical and in the proper position. The six individual injections at

point 3 coalesced into one large, well defined mass (see the photograph

in Fig. 2), instead of separate, but adjoining bulbs. This occurrence

was due to the fact that the small silty clay layer thought to be at a

depth of 1.6 m dipped slightly in this area to a depth of about 1.8 m,

just below the lower bulb injection point. Because the grout could not

penetrate this seam, it flowed upward and the upper and lower grout zones

mixed instead of remaining as separate bulbs. At injection point 5, the

upper bulbs formed essentially as planned. Two of the bulbs were exposed

during excavation as shown in the photograph in Figure 5.2 (the third

bulb was left in place for later sampling) . The lower three bulbs at

point 5 did not form properly;
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TABLE 5.3. CHEMICAL GROUTS USED AT

TEST INJECTIONS, ALAMEDA ISLAND

INJECTION
POINT

GROUT
NAME

BASE PERCENT
BASE

PERCENT
HARDENER

APPROX

.

GEL TIME
MIN.

QUANTITY
INJECTED

GALS.

1 T5 7 Silicate 20 * 30 180

2 T5 7 Silicate 26 * 30 60

3 Siroc Silicate 33 6 30 180

4 UREA UREA 25 0.5-1.

0

30 60

5 UREA UREA 15 o
i

—

i

iLT)O 30 180

* = proprietary
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grout seams were clearly present where the lower injections were made,

but a uniformly stabilized sand zone was not found. Apparently, the 10

percent fines in this sand were enough to prevent penetration of the

grout under the low grouting pressures used in these shallow injections.

Only four of the five injection sites could be sampled because

the material at injection point 1 was too weak. Excavation and sampling

of the four stabilized zones was routine. Portions of the stabilized

zones at points 3 and 5 remain in the ground for later testing.

Load Test Results

Sixteen unconfined load tests have been performed on the samples

obtained from Alameda Island test site. Approximately eight more

samples are on hand and are being tested, but the results are not available

for this interim report

.

Results of the tests are summarized in Table 5.4. Comparison of

these results to comparably grouted laboratory samples will be

carried out as the tests are performed.

For purposes of relating the Alameda data to that of Chapter III,

the strength results for the Alameda Siroc 33% silicate samples are

plotted on Figure 5.6 along with that for grouted Monterey sand. As

with the tests on the Roosevelt field samples, the data for the

Alameda sands are scattered more than was found for laboratory prepared

samples of Monterey sand. The results for the Alameda Siroc samples

are however bracketed by those performed on Monterey sand using Siroc

30 and 50% silicate grout mixes, and thus show generally the same

strength trends.
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SUMMARY

The field grouting trials provide an opportunity to observe

the chemical stabilization process first hand as well as a means of

comparing the performance of field and laboratory grouted samples.

Two of these trials have been carried out; bulbs of grouted soils

have been excavated from each site and tests are underway on the field

samples

.

Results of the tests on the field samples thus far show that

scatter in the strength data is larger than in that obtained from

samples prepared under ideal laboratory conditions. Future tests

will allow direct comparison of strengths of lab samples to field

samples. Preliminary work suggests that while differences exist between

the results of laboratory prepared and field samples, the differences

are not substantial, providing that in the field the grout properly

penetrates the soil.

Excavation of the grouted soil masses in the field tests revealed

that in areas where soil conditions were well suited to grouting, the

grout, in fact, did uniformly penetrate the soil. A small impervious

layer within the soil to be grouted at Site II resulted in some migration

of the grout to areas not anticipated. This result suggests that

secondary grouting after initial grout set is a desirable procedure

in practice so that previous grout take can be tested.
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CHAPTER VI

DOCUMENTATION OF TUNNEL GROUTING

CASE HISTORIES

The use of chemical stabilization to minimize settlements above tun-

neling works in the United States is a relatively new idea. Because of

this, few case histories are available. However, the documentation of

field performance is an important aspect in the development of our under-

standing of the behavior of grouted tunnels. During the course of both

the first and second year of this investigation, efforts have been and

are being made to obtain field performance data. Described herein are

the data developed thus far, and, for one of the case histories, a detailed

finite element study is provided.

Three projects from the Washington Metro have been located for which

documentation is reasonably complete. These are described in Table 6.1

along with the type of information available. In order to shorten refer-

ences to the projects, the reference number given in Table 6.1 will be

used for identification hereafter in this report. Performance data for

Projects II and III consist only of surface settlements while that for

Project I is much more extensive. Finite element studies have been

and are being performed for Project I. Of the three projects, only III

is complete as of the data of this writing (November 1976).

SOIL AND TUNNELING CONDITIONS AT PROJECT SITES

Longitudinal profiles and cross-sections of the subsurface soils at

the three projects are given in Fig. 6.1, 6.2 and 6.3. Soil conditions

at all the sites are similar in that each has a layered subsoil profile

consisting of sands and clays. The tunnel excavation in all cases passes

128



TABLE

6.1

WMATA

CASE

HISTORIES

3 a
o O
•H •H
-J 4-1

o O
3 3
Ml Mi

4-1 U
CD CCS

(0 to

c/s O o
PO
H

o Ml

< Mi Ml

H 3 <U

C/S TO TO

i—

I

i—

1

T—

1

i-H i—

t

fX
•H •H E
4-1 4-J o
CO CO CJ

3 1—

1

1 3 O 3
as 3 •H 3

00 > 3 TO 4M 3
(0 o 4M 3 4-J 3 4-1 3
•H E Mi 4-1 3 3 3 4-J

as 3 3 O
jo r-i 3 O . 3 t—

1

3 00
as Mi 3 4-1 4-1 3

to 4-1 TO OO 3 3 3 3 O
o as 3 O TO 00 TO i—

1

<C •H E 3 Mi •H TO 3
H 4-1 o O 4-1 4-1 •H 4-J

<5 3 (0 3 4m 3 3 Mi 3 3
o E •l-t Ml 3 3 CP 3 3

Mi t—

t

3 3 3 E E O
w O CJ 4M 4-1 3 4-1 3 •H
hJ 4M 3 Mi 3 TO i—

1

3 i—

!

4-J

P0 3 •H 3 TO 3 4-1 3 4-1 3
c •H CO 4-1 4-1 Mi 4-1 3
1-1 1 jo 4-1 3 3 4-1 3 O
1-4 as 3 3 O 3 CO 3 i—

1

<3 > TO CCS 3 Mi

> •H 3 E 00 3 JO 3 i—

1

<3 CCS 3 3 3 3 4-1 3 3 •

3 •H 3 1—

1

3 3 3 3 Mi 3
as 3 j-j 4-1 4m 3 4M 3 4-1

4-J +J 3 Ml
12 Mi > Mi > 3

kJ X 3 3 3 3 3 3 3 O
w O s CCS 3 CO CO CO 3 Mi

o
s
w
CJ
2 M
w
Pm

3 Mi 3 3
po O 3 4-1 3

E 3 JO TO 4M o
oo •H 3 O 4-1 3 O •H
3 4-1 3 Pm 3 3 4-J

•H r-M Mi 3 3 3 3
3 3 H JO > 3 3 3
3 pp 3 3 i—

!

3
O TO 3 CO 3 3 i

—
1

Mi TO 3 3 Mi 3 3
EM CO 3 O Mi Mi 3 00
CJ 3 Mi PP 3 3 JO 3
PJ 3 i

—
1 TO 3 JO i

—
1

i“0 4-1 i
—

1 •H TO 3 00 3
o 3 3 3 3 po TO 4-1 E 00
X O Mi X 3 •H o •H 3
Pm X 4-1 3 Mi 3 40 •H

3 O 3 oo PP 3 TO
3 3 •H O 3 3 3 3
O CJ JO OO H 4M 3 *rM 3
3 O 3 3 3 JO 4J

•r! 3 4-1 3 3 3 4-1 3
TO 3 TO 3 O Mi E 4-1

TO 3 3 3 Mi 4-1 3 4-J 3
< Pm 3 PM CO CO 2 3 O

3
3
a
6
o
CJ

oo
3

3
0
Mi

CJ

Ml

a)

j*:

3
PP

1

X)
!m

CO

l
3
PO

4M
O

>.
CO

3
4-J

Sm

3
o
o

TO
3
TO
•H
>
o
Sm

CM

3
•P
3
Q
*

129



DEPTH

-

meters

DEPTH

-meters

DISTANCE - meters

0 20 40 60 80 100 120
1 I

I I I

1

1

PENN CENTRAL

15 10 5 0 5 10 15

SECTION A - A

FIGURE 6.1. SOIL PROFILE AT PROJECT I

130



131

SECTION

A-

A



132

SECTION



through both clay and sand layers and is beneath the water table.

The sands at all sites are dense to very dense while the clays vary

in stiffness with depth. The upper clay layers are typically medium

to stiff while the lower clay layers are very stiff.

Tunnel diameters in all projects are 6.4m. Projects I and III

involve two tunnels while Project III has four tunnels. In all cases

the tunnels pass through sands at the tunnel invert with clays in the

upper half to the crown of the tunnel. Two of the tunnels at Project II

have their crowns cut into an overlying sand layer.

GROUTING SCHEMES

Theoretical grouting zones for each project in longitudinal profile

and in cross-section are depicted in Figs. 6.4, 6.5 and 6.6. In the case

of Projects II and III, a stabilized zone of approximately 10 foot thick-

ness was developed only in the sand layer above the tunnel crown. Of the

four tunnels excavated in Project II, two have their crown in the grouted

zone. Neither of the two tunnels in Project III intersect the grouted

zone

.

The stabilized zone in Project I varied in size (see Fig. 6.4); prior

to, between and just after the rail tracks which are being supported by

the grouting, a smaller zone, called the moderately grouted section, was

used. Only two of the sand layers in this area were stabilized. The

heavily grouted section was confined to directly under the railroad

tracks; at this location all three sand layers in the soil profile were

grouted. The two tunnels at this site pass through the two lower grouted

sand layers, but are separated from the upper grouted zone by a 10 foot
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thick clay layer, which intersects the crown of the tunnel.

All three of the Projects were grouted from the surface using a scheme

of vertical and inclined grout holes. Tube a manchette grouting techniques

were employed at Project III while at I and II the grout was injected

through slotted plastic pipes.

At all of the subject projects, the grout injected was primarily of a

sodium silicate base type. Some pre-injection work was carried out at

Project III using bentonite cement. In all cases the chemical grouts

used a 50 percent sodium silicate mix. The hardener in the grouts were

the same at Projects I and II, but differed at Project III. The type

of hardeners are considered proprietary information and cannot be iden-

tified at this time.

At all of the sites some difficulties were experienced in grouting

the sand layers because of silt seams. This was particularly true at

the site of Project I. Some post grouting drilling was carried out at

Projects I and II. Sandy layers were found to be stabilized essentially

as specified. At Project I the upper, stabilized sand layer was found

to "wander" slightly, in that its depth below the surface fluctuated.

Also the thickness of the clay layers in the tunnel area varied some-

what, resulting in less stabilized sand in some areas than others.

PERFORMANCE DATA AND INSTRUMENTATION FOR PROJECT I

Monitoring of performance data is complete only at Project III since

some tunneling still has to be carried out at Projects I and II. Because

of the fact that the data at I and II are incomplete and still being

reduced at this time and legal actions pend on Project III, details of
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the performance will not be presented herein. By the completion of the

second year of this project, it appears likely that all data will be

available for publication.

Performance data at Projects II and III consist only of surface settle-

ment measurements as monitored by survey control. However, the instru-

mentation network at Project I is by far the most complete that has been

used to monitor the performance of a grouted tunnel project. Data for

Project I are being obtained by the Hayward-Baker Company under an UMTA

sponsored contract. Figs. 6.7 and 6.8 depict the layout in plan and

section respectively. Three lines of instrumentation are in place, one

in the heavily grouted zone, one in the moderately grouted zone and one

in an area not grouted. The instruments consist of surface settlement

monuments, subsurface settlement monuments, inclinometers, and piezometers.

In addition, data are being kept on the behavior of the shield as to

pitch or yaw.

Based on preliminary evaluations of the data from Projects I, II

and III, it can be said that thus far, settlements above the tunnels

have been generally limited to two inches or less. This type of perfor-

mance is better than that usually observed in ungrouted soft ground

tunneling sections in Washington, D.C.

FINITE ELEMENT STUDIES OF PROJECT I

One of the purposes of documenting field performance in this investi-

gation is to help evaluate the degree to which the finite element codes

developed for analysis of grouted tunnels can model actual behavior. Be-

cause of the unusual documentation being developed for Project I, it was

chosen for the first detailed finite element study. The analyses of this

site were undertaken prior to any tunneling ctiid have continued and been

\
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updated as more information becomes available. Further studies are

anticipated

.

Soil Conditions

The idealized soil profile for the site is shown in Fig. 6.1 and was

described earlier in this chapter. This profile was derived from five

borings in the vicinity of the grouting work which are documented in

two reports by the firm Mueser, Rutledge, Wentworth and Johnston, and

submitted to the Washington Metropolitan Area Transit Authority in

June, 1974 and January, 1975. Locations of the borings are shown on

the plan view of the site in Fig. 6.9. Logs of the borings are given

in Fig. 6.10; it is important to note the fluctuations in layer sizes

in the logs in order to realize that the idealized soil profile is an

average condition which does not necessarily represent the actual condi-

tions at various locations across the site.

Soil properties at the site are only avaiable from the work reported

by Mueser , Rutledge , Wentworth, and Johnston. Table 6.2 presents pertinent

engineering properties of the soils as obtained from the M-R-W-J reports.

Grout Zone Locations and Properties

The theoretical boundaries of the stabilized zones at the site are

shown in Fig. 6.4. However, the fluctuations in actual depths and thick-

nesses of groutable soils as shown on the boring logs in Fig. 6.10, indi-

cate that the theoretical boundaries of the grout zones probably do not

represent the actual boundaries, except as an average condition. Two

recent post grouting borings substantiate this hypothesis; locations of

the borings are given in Fig. 6.9. Logs of these borings are depicted

in Fig. 6.10, and it can be seen by superposition of the theoretical
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TABLE 6.2. AVERAGE PHYSICAL PROPERTIES

OF SUBSURFACE SOILS AT SITE OF PROJECT I

Soil Layer

Approx.
Depth to

Top Layer
Ft.

Soil
Classification

Blow
Count

Bls/Ft

.

Undrained
Shear

Strength
kN/m^

W.C

%

Misc. Fill 0 SM-CL 6 NA* NA

Dense Sand 12 SP-SM 28 NA NA

Medium Clay 23 CL NA 0.3-

1.00
17

Dense Sand 34 SM 22 NA NA

Medium Clay 44 CL NA 0.3-

1.00
24

Dense Sand 48 SP-SM 40 NA NA

Stiff Clay 54 CH NA 1.4-

2.2

25

= not applicable
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grouting boundaries onto those of the actual grouted soils, that the

zones are not the same. The most important deviation occurs in Boring

PG2 where the combined thicknesses of the clay layers in the vicinity of

the tunnel is 2m thicker than indicated in the idealized section. Clearly,

this condition will lead to more movement than for the idealized section.

Thus, in analyses of the project, variations in the grouting zone boundaries

need to be considered to determine the degree of their effect on performance.

As of this date, no tests have been performed on stabilized soil samples

from this site. At this time, the only indication as to what parameters

should be used to represent the stabilized soils comes from: (1) The fact that

the unconfined compressive strength is required in the job specification

to be at least 520 kN/m2 (75 psi) ; and, (2) the grout being used at the

site is a 50 percent sodium silicate solution, similar to those used in

the test program described in Chapter III, for which data are available.

Parameters and Subsurface Profiles Used in Analyses

Because of the indicated variations in subsurface and grouting condi-

tions due to natural and designed causes, and, because of the uncertainty

concerning grouted soil properties, a series of finite element studies

were performed varying the important parameters within reasonable ranges.

This approach allows an assessment of the importance of fluctuations in

key variables.

Four different subsurface profiles were represented as shown in

Fig. 6.11 and described as follows:

1. Heavily grouted zone under railroad tracks, using idealized

soil and grout locations.

2. Moderately grouted zone between the railroad tracks, using
idealized soil and grout locations.
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3. Heavily grouted zone under railroad tracks, using soil and grout
locations representative of areas with large clay areas (see Fig. 6.10)

4. Moderately grouted zone between the railroad tracks, using soil

and grout locations representative of areas with large clay areas

(see Fig. 6 . 10)

.

In addition to the different subsurface profiles, the grouted soil

was represented as either "strong" or "weak." Mohr-Coulomb parameters

used to define the strength for the "strong" and "weak" cases were

(f)
= 30°, c = 115 kN/m^ and cj) = 30°, c = 80 kN/m^ respectively. The para-

meters employed for the "strong" case were chosen to be consistent with

the known behavior of grouted soils from Chapter III and the fact that

the contract specified unconfined compressive strength for the stabilized

soils was 520 kN/m (75 psi) . The "weak" case uses a cohesion 30% less

than that of the "strong" case to reflect a possible loss of strength under

the loading conditions which actually occur in the field during

tunneling.

The deformation model employed for both the grouted and ungrouted soil

in the analyses is the nonlinear elastic approach described earlier in

Chapter 4. This model utilizes modulus values consistent with the stress

level and the prescribed, empirically fitted stress-strain curves. Only

the strength parameters and the initial tangent modulus values are needed

to define the model response. Initial tangent modulus values are assumed

to vary with confining pressure as:

E. = Kp (
-

l a p
V

This type of response was shown in Chapter 3 to reasonably fit the behavior

of grouted soil and is well established for ungrouted soil. The grouted

soil parameters, "K" and "n" for the present analyses were selected from
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those determined in the laboratory studies on samples injected with a

50 percent silicate grout mix similar to that used at the site. These

values are representative of those for relatively short-term loading and

were employed for the "strong" grouted soil cases. Aging was not a major

factor in these considerations since the grout was injected into the

ground at the site only 30 to 60 days prior to the tunneling. For the

"weak" grouted soil, the "K" value was reduced by 30 percent as was the

cohesion. The "n" value was not changed since this parameter seems to be

unaffected by rate of loading.

Other parameters used for the grouted soils along with those selected

for the ungrouted soils are given in Table 6.3. The parameters for the

ungrouted soils were selected from three test results presented by Mueser,

Rutledge, Wentworth and Johnston and from other data available in the lit-

erature.

Finite Element Mesh and Boundary Conditions

The finite element mesh used in the analyses is shown in Fig. 6.12.

Stabilized soil zones are indicated on the mesh for the case of

the idealized soil profile and the moderately grouted zone. These loca-

tions were modified accordingly for the alternative subsurface conditions

of the other analyses. The mesh is designed at present for the analysis

of the effect of excavating one tunnel only since this is representative

of the first step of the actual construction sequence. The second tunnel

is to be opened within about six months of this date (November, 1976).

The grout zones for the second tunnel are modeled in the mesh since these

were in place during the excavation of the first tunnel. Left and right

boundaries of the mesh were selected by trial so as to be far away enough
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to exert no influence on the tunnel. The base of the mesh was at the

bottom of the stiff clay layer under the tunnel. A total of 361 elements

and 382 nodes were included in the mesh.

No liner spring elements were included to restrain movement around

the periphery of the tunnel. In most cases, the predicted peripheral

movements were not large enough to warrant concern over liner effects.

However, further consideration will be given to the influence of gap

closing and liner restraint as more documentation is obtained on shield

orientation. These data are now on hand and are being reduced.

Initial stresses in the analyses were taken as increasing linearly

with depth to be consistent with a gravity stress distribution. Horizon-

tal stresses were assumed to follow the relationship o' = k o' , where
x o z

o' is the horizontal effective stress and a' is the vertical effective
x z

stress and k^ is the coefficient of lateral earth pressure (values are

given in Table 6.3).

The groundwater table was assumed to be at a depth of 4m as was mea-

sured in the field. This depth affects the stiffness of the subsurface

soils since below the groundwater the soils are in a buoyant condition

and the effective stresses are reduced.

Results of Finite Element Analyses

Predicted surface settlements and lateral movements along a vertical

line adjacent to the tunnel are shown in Figs. 6.13 and 6.14 respectively.

The following observations may be made concerning the settlement data:

1. The settlements are largest for the smaller and weaker grout
zones, other conditions being equal.
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2. The settlement profiles are not quite symmetrical. This
is due to the presence of the grouted zone which is in place
for the second tunnel advance.

3. The type of subsurface profile has a significant influence
on the amount of settlement. For comparable grouted soil
parameter, settlements for the original soil and grout profile
(Section A) is about half of that for the less favorable
soil and grout profile (Section B)

.

4. For the same grout and soil profile, increasing the strength
of the grouted soil from "weak" to "strong" results in a

reduction of settlements of 22%.

5. For the same grouted soil properties, changing from a moder-
ately grouted to a heavily grouted profile results in a

reduction in settlements of about 30%.

6. The predicted settlements are reasonably consistent with
those that have been observed at the site. Observed settle-
ments thus far have been closer to the larger predicted
values; in all cases the observed behavior is bounded by the
predicted behavior.

The effects of parameter changes are largely consistent with those

that would be expected. The effect of the change in soil profile is

particularly significant. In the case of the soil and grouting profile

of Section B the effectiveness of the stabilization is reduced since the

clay layer in the tunnel crown area is thicker, the grouting zones are

more widely separated than in the idealized case, and the structural

action of the stabilized areas is inhibited. It is readily apparent

from these results that the geologic conditions in certain areas of the

site diminish the favorable influences of stabilization in reducing sur-

face settlements. On the other hand, the small predicted settlements

for Section A case demonstrates that under the right conditions, stabiliza-

tion can significantly reduce settlement. This was also clearly shown

in the parametric studies in Chapter IV.

The lateral movements shown in Fig. 6.14 demonstrate the same trends
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observed for the settlements, i.e., larger movements occur for smaller

and weaker grout zones. The maximum movements are observed in the central

tunnel area as expected.

SUMMARY

Case history data for performance of grouted tunnel sections are

available in a number of cases for tunneling for the Washington Metro.

Documentation for three of these case histories is now being obtained;

others will be pursued. One of the on-going projects is heavily instru-

mented and will allow a detailed study of performance. Only surface

survey data is available in most cases, however.

Preliminary finite element analyses of the instrumented project have

provided a valuable experience in handling actual tunneling problems.

The results from the analyses demonstrate that even very complicated

problems can be treated. The work has also shown that precise predic-

tion of behavior is difficult because of (1) the large number of variables

required to define behavior for each of the materials in the subsurface

profile; (2) variations in subsurface condition s from point to point;

and (3) effect s of construction procedures which are difficult to predict

before tunneling. However, the results suggest that acceptable bounds

may be set for expected behavior by performing analyses where key para-

meters are varied over reasonable limits. The analyses also obviously

serve as a powerful tool in understanding the observed behavior.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

This report describes the results of the first year efforts of an on-

going study of the use of chemical stabilization of soils around a tunnel

in reducing the surface settlements caused by tunnel construction. The

first year work has been devoted to:

1. Developing laboratory procedures to study load-deformation *

response of chemically stabilized soils.

2. Performing laboratory tests of typical stabilized soils and
evaluating the observed behavior.

3. Performing load tests on soil samples grouted under field
conditions

.

4. Developing a finite element code which can reasonably model
the effects of tunnel construction in grouted soil zones.

5. Documenting existing field case histories and applying the

new finite element code to study some of the actual tunnel-
ing cases.

/ Progress in all of these areas has been made. A consistent and

flexible procedure for preparation of grouted soil samples has been dev-

eloped. One hundred and fourteen triaxial and unconfined load tests have

been performed on treated sand samples and the results have been used to

define the influence of key parameters on grouted soil behavior. Grout

chemical concentrations, confining pressure, loading rate, strain level,

curing time all appear to strongly influence behavior. Grain size of

the sand appears to have only a small effect.

The strength and stiffness of grouted sands is shown to be a function

of the dual nature of the material. At higher chemical concentrations

and small strains the behavior appears to be largely influenced by the

grout component while at lower chemical concentrations and higher strain

levels, the sand dominates the response. As a result, the treated sand
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behaves as a cemented or cohesive material with a frictional component

of behavior which becomes more prominent at large strains. The behavior

can be interpreted in terms of classical soil mechanics concepts.

./

Samples of sands treated in the field were obtained by test grouting

in two locations in the Bay Area. Although tests of these samples have

nbt been completed, it appears that the behavior of -the field samples

is reasonably similar to that of the laboratory grouted samples.

The finite element code for analysis of the effects of tunneling

through grouted zones has been developed and fully tested. Additional

work is underway on incorporating a time-dependent behavioral model

into the program. Preliminary analyses have been performed which demon-

strate the influence of different size and strengths of grouted zones

on the surface settlements above a tunnel. It is clear that where the

grouted zone completely surrounds a tunnel it acts as an efficient struc-

tural member in reducing settlement. Stronger and larger zones are

shown to be more effective in this regard. The results also demonstrate

that there is an optimal point beyond which increasing strength or size

of the grouted zone has little influence in improving performance.

Efforts at documentation of field performance have yielded three case

histories where data are available. One project, which is now underway,

involves a substantive instrumentation effort. Finite element analyses

of several field case histories are anticipated. As of this time (Nov.,

1976), preliminary studies of the instrumented project have already been

performed. The results show that the finite element code is adaptable

to complex field problems. Parametric studies in which key variables

are varied over reasonable ranges yield predicted results which bound

preliminary observed settlements.
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The finite element studies of this case history also demonstrate the

difficulties involved in analysis of an actual tunneling problem. Major

factors are: (1) Choice of parameters for grouted and ungrouted soils

with generally limited amounts of data; (2) Variations in the subsurface

profile across a site; and (3) Limited knowledge prior to construction

of the actual tunneling techniques. It is doubtful that, except under

unusual circumstances, all of these difficulties would be alleviated.

However, it appears that acceptably accurate bounds can be established

for expected behavior which can be refined based on preliminary tunneling

construction work. Also, it is clear the finite element techniques offer

a powerful tool in understanding observed behavior.
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