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1. INTRODUCTION
1.1  Background

The two companion reports “An Introduction to the Deep Mixing Methods Used in Geotechnical
Applications,” and the associated appendices, were first submitted in April 1999. They were then
reviewed, revised, and resubmitted in August 1999. The former was published in March 2000, and
the latter is due for publication in mid 2000. The first report provides separate chapters on the
historical development of the Deep Mixing Method (DMM), its applications, its relative
competitiveness, a classification and description of the various DMM technologies, an international
market review, and a discussion of barriers to market entry and limits to expansion within the

United States.

At different points within both reports, the properties of soils treated by DMM were presented,
Jargely to illustrate what can be achieved by each of the different techniques in various soils. In

addition, aspects of quality control, quality assurance, and verification were similarly touched upon.

This third report, however, focuses more closely on these issues, and expands upon the illustrative
details previously provided. The engineering properties of treated soils, as reported in the
international technical press, are reviewed together with the construction parameters and materials
used to treat them. Sources of information include data from routine production tests, special
laboratory and field tests, and more qualitative statements made in overview by specialists in the
DMM technology. Methods of process control and verification of performance are also discussed

since these are key issues in the minds of current and potential users.



1.2 Synopsis of Previous Reports

1.2.1 Volume 1: An Introduction to the Deep Mixing Methods as Used in Geotechnical
Applications

1.2.1.1 Introduction (Chapter 1)

The Deep Mixing Method (DMM) is defined as an in situ soil treatment technology whereby the
soil is blended with cementitious and/or other materials. These materials are widely referred to as
“binders” and can be introduced into the ground in dry or slurry form. They are injected through
hollow, rotated mixing shafts tipped with some type of cutting tool. The shaft above the tool may
be further equipped with discontinuous auger flights and/or mixing blades or paddles. Shafts are
mounted vertically on a suitable carrier, usually crawler-mounted, and range in number from one to
eight (typically two to four) per carrier, depending on the nature of the project, the particular variant
of the method, and the contractor. Column diameters typically range from 0.6 to 1.5 m, and
treatment may extend to 40-m depth or more. In some methods, the mixing action is enhanced by

simultaneously injecting fluid grout at high pressures through nozzles in the mixing or cutting tools.

1.2.1.2 Historical Development (Chapter 2)

Eighty-two separate entries are recorded in chronological order to illustrate the development of the

method in three continents over five decades.

Following an initial development in the United States in 1954, research into “contemporary” DMM
began, apparently independently, in Japan and Sweden in 1967. These fundamental studies were
largely sponsored and/or conducted by Governmental agencies and featured the injection of dry
materials, largely unslaked lime. Research into “wet” methods (i.e., with slurry) began in 1972 and

industrial scale projects began in 1975.

Intensive research and development proceeded apace in both countries: the J apanese moving into
larger scale equipment and methods more suited to their huge marine and estuarine projects, the

Nordic countries focusing more on in situ reinforcement of soft, often organic clays for road and rail

2



projects. A Japanese method was demonstrated in the United States for the first time in 1986, and
numerous other foreign contractors (including two from Sweden) followed, as did the development

of several U.S. native variants, originally focusing on the environmental market.

European developments (outside of Scandinavia) also began in the mid 1980s, in France, Italy, and
the United Kingdom, but despite their technical viability, have not generated major commercial
activity application in that continent, or in other parts of the world where the European contractors
operate, largely because the markets are less attractive for a number of reasons. It is fair to say that
DMM today is a very powerful, flexible, ground engineering tool employed routinely in Japan,
China, and other parts of Southeast Asia; Scandinavia and the neighboring Baltic countries; and the
United States. There is an increasing number of English language papers and conference
proceedings to supplement the traditional volumes in the Japanese, Swedish, and Finnish languages,
and this will continue to encourage an increased use in a variety of applications throughout North

America and in other parts of the world impacted by American engineers.

1.2.1.3 Applications (Chapter 3)

The various DMM techniques can be used to produce a wide range of treated soil structures
(Figure 1), including single columns, rows of overlapping elements (walls or panels), grids or
lattices, and blocks. The particular geometry chosen is dictated by the purpose of the application

and reflects the mechanical capabilities and characteristics of the particular DM method employed.

The main groups of applications are as follows:

1. Hydraulic cut-offs: For embankment dams, levees, and other water-retaining structures
including subsurface reservoirs. Applications have mainly been in Japan, but there have been a
few significant projects in the United States and Europe to date.

2. Excavation support walls: Similar to hydraulic cut-offs except that they are often of higher
strength (for durability) and are reinforced with vertical steel elements (to withstand lateral
loadings). This is a common technique throughout Japan, China, and other parts of Southeast

Asia, and in the United States.
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3. Ground treatment: The Japanese developments were largely intended to provide economic
treatment for huge volumes of soft soil or fill for marine and terrestrial tunneling and
harbor/port developments. This remains a common application in Asia and North America.

4. Liquefaction mitigation: DMM can provide liquefaction prevention, reinforcement of
liquefiable soil, or pore pressure reduction via block or lattice treatment patterns. There have
been major applications in the coastal areas of Japan in particular. This principle was also used
in the first major U.S. application of DMM in 1987, for a dam foundation in Wyoming.

5. 1In situ reinforcement (or Ground Improvement) and piles: DMM structures, usually in the form
of closely spaced single columns, walls, or lattices have been widely used in Scandinavia, and
less commonly in Japan, France, and the United States The major applications have been to
reduce settlements under embankments, to improve slope stability, and to support light
buildings and bridges. Most recently, in the United States, such principles have been used to
create self-supporting DMM retaining walls (Nicholson and Jasperse, 1998).

6. Environmental remediation: DMM has been used to solidify, stabilize, and contain
contaminated soils and sludges since 1988 in the United States. Increasing scope is afforded in

other mature, industrialized countries including France and the United Kingdom.

1.2.14 The Application of DMM in Relation to Alternative Competitive
Technologies (Chapter 4)

On any given project, the factors leading to the use of DMM are diverse, reflecting both a number
of “hard” concerns, including geotechnical, logistical, accessibility, environmental, cost, schedule,
and performance factors, as well as numerous less tangible issues including national and historical
preferences, and the degree of influence and individual inclinations of the various contractors,

consultants, and owners.

DMM is not a panacea for all soft ground treatment, improvement, retention, and containment
problems, and in different applications it can be more or less practical, economic, or preferable
when compared with competitive technologies. In the most general terms, DMM may be most
attractive in projects where the ground is neither very stiff nor very dense, does not contain boulders

or other obstructions, where treatment depths of less than about 40 m are required, where there is



- relatively unrestricted overhead clearance, where a constant and good supply of economic binder
can be ensured, where a significant amount of spoil can be tolerated, where a relatively vibration-

- free technology is required, where treated or improved ground volumes are large, where
“performance specifications” are applicable, and/or where treated ground strengths have to be
closely engineered (typically in the range of 0.2 to 5 MPa). Otherwise, and depending always on
local conditions, it may prove more appropriate to use jet grouting, diaphragm walling, sheet piling,
caissons, beams and lagging, driven piles, wick drains, micropiles, soil nails, vibrodensification,
lightweight fills, compaction grouting, deep dynamic consolidation, bioremediation, vapor

extraction, or simply removal and replacement.

The chapter contains tables that detail the relative advantages and disadvantages of DMM for each

of the six broad types of applications noted above.

1.2.1.5 Classification and Description of the Various Deep Mixing Methods
(Chapter 5)

Research to 1998 had located a total of 24 different variants of DMM at various stages of
development or use throughout the world. These variants are listed in accordance with a newly
developed classification system (Figure 2), based on the following fundamental operational

characteristics:

* The method of introducing the “binder” into the soil: Wet (i.e., pumped in slurry or grout form),
or blown in pneumatically in Dry form.

e The method used to penetrate the soil and/or mix the agent: purely by Rotary methods with the
binder at relatively low pressure, or by a rotary method aided by Jetting of fluid grout at much
higher pressure. (Note: conventional jet grouting, which does not rely on any rotational
mechanical mixing to create the treated mass, is beyond the scope of this report.)

* The location, or vertical distance over which mixing occurs in the soil — in some systems, the
mixing is conducted only at the distal End of the shaft (or within one column diameter from that
end), while in the other system mixing occurs along all, or a significant portion, of the drill
Shaft.



rDEEP MIXING METHODS

I

1

SLURRY DRY

L] (D)

f l ] |

ROTARY ROTARY + JET ROTARY
R) [V} (R)
' |
Il ]
SHAFT END END END
() {E) (E) (E)
DSM* (1) CHM* and FGC-CDM* (6) SWING (Spread Wing)* {17) DJM* (22}
- {GeoCon, Inc.) H (J Trade A iation) H (Jap Trade A tion) | | (Jap Trade A iation)

p

{offered in U.S. by Raito, Inc.)

{offared in U.S. by Raito Kogyo)

Soil Removal Technique (6)
H {Shimizu}

May Gumey Method"* {26}
{May Gumey, Ltd.)

[

Figure 2. Classification of Deep Mixing Methods based on “binder” (Wet/Dry); penetration/mixing

RAS* (10)
(Raito Kogyo Co.}

HYDRAMECH (21)
{GeoCon, Inc.)

Rectangular 1 (11)
(Cutting Wheels)
(Shimizu Corp.)

Rectangular 2 {12)
{Box Columns}
(Daisho-Shinko Corp.)

SAM* (13)
(Terra Constructors)

Comentation System (14)
(Cementation)

Hayward Baker Method* (15}
(Hayward Baker, Inc.)

Rotomix (16}
(Inquip}

SMW: (2) SSM* (7) JACSMAN" (18) Lime-Cement Columns* (23)
- (SMW Salko, Inc. H (GeoCon, Inc.} M {Chemical Grout Co. H  (scandinavian Contractors)
Raito, Inc. and others) Fudo, Co.)
N LDis {19) Trevimix* (24
Multimix* {3} SCC* (8) revimix* (24)
H (Trevisani) H ' (scc Technology, Inc.-u.s. | ] (Onoda Chemico Co., Ltd) | L {Trevisani/Rodio)
Tenox - Japan)
* GEOJET* (20}
COLMIX* (4 .
- (Bachy)( ) || (:ﬁf; :?dotl:.of-:)) | (Condon Johnson Associates)

* Indicates that the technique is fully
operational and/or widely used.
Other techniques may be
experimental/developmental or
little used to date in the country of

origin.

---- Indicates that the technique has
been used to date in the U.S.

(1) Indicates order in Appendix 1 of
Volume 2 of the FHWA study.

principle (Rotary/Jet); and location of mixing action (Shaft/End).



With three bases for differentiation, each with two options, there are theoretically eight different
classification groups. However, in practice, there are only four groups since wet slurry, jetted shaft
mixing (WJS) and dry binder, rotary, shaft mixing (DRS) do not exist, and no jetting with dry
binder (DJS or DJE) has been developed.

While many of the systems shown in Figure 2 are fully operational, others remain in the
experimental or developmental stages. A tabular synopsis of these 24 methods is provided in

Table 1. Since the formulation of this table, other systems have become publicized in Europe:
Bauer (Germany) operates a WRS system (for walls and cut-offs), and May Guerney (United
Kingdom) has developed a WRS/WRE system for environmental applications while Keller Colcrete
has applied the Hayward Baker WRE system, again mainly for environmental projects. In the
United States, Trevi ICOS has acquired the license for GeoJet (WIJE) in the Eastern states and has a
cooperation agreement with the Swedish company Hercules for Lime Cement Columns nationwide
(DRE). Most recently Schnabel Construction Company has used a WRS system, primarily to

construct earth retaining structures.
1.2.1.6 International Market Review (Chapter 6)

A commercial review was conducted of each of the major geographic markets, i.e., United States,

Japan, and Scandinavia.

In the United States, 11 different companies were identified as conducting, or having the potential
to conduct, some type of DMM. These represented both native developments and holders of
foreign licenses. The total annual market volume appears to be growing quickly and is currently

estimated to be $50 to $80 million in geotechnical applications.

Japan remains the most active country, with output figures well documented by their powerful trade
“associations.” These groups each comprise dozens of contractors, suppliers, and manufacturers
and help develop and publicize technological developments. It may be estimated that the annual

volume is between $250 and $500 million, with a major growth “spurt” in the early and mid 1980s.



Table 1. Summary of mixing equipment and pertinent information for each technique.

Name DSM 1 SMWwW 2
Classification W-R-S W-R-S

Geo-Con, Inc. SMW Seiko, Inc.; Raito, Inc., and
Company others
Geography N. America Southeast Asia, U.S.

General Description of
Most Typical Method

Multiple discontinuous augers on
hanging leads rotate in alternate
directions. Most of grout injected on
downstroke to create panels. Neither
air nor water typically used during
penetration. Reverse rotation during
withdrawal.

Multiple discontinuous augers on fixed
leads rotate in alternate directions.
Water, air or grout used on downstroke
and/or grout on upstroke

Special Features /
Patented Aspects

Lower 3 m usually double-stroked.
Strong QA/QC by electronic methods.
Patent pending on VERTWall concept.

Special electric head and gear box
patented. Double-stroking “oscillation”
common, especially in cohesive soils.
Discontinuous auger flights and
paddles are positioned at discrete
intervals to reduce torque requirements.
Good control over verticality feasible.

Auger type varies with soil.
Shafts | 1-6, usually 4 2-5, usually 3
Diameter | 0.8 to 1.0 m, usually 0.9 m 0.55 to 1.5 m, usually 850-900 mm

Realistic max.

45 m possible, 27 m common

60 m claimed, 35 m practical

depth
15-25 15-20 during penetration, depending on
rpm soil; higher during withdrawal
(c)lg)-/l 'gn%ﬂ(ﬁ;gg:gigs;}%nngs/iﬁmer n 0.5-1.5 m/min penetration; 1.5-32 m/min
Details of Productivity/ | withdrawal/mixing; 100-150 m?/shift \st}/llit?td?aewall ggf)l(ls%g;nlzooe—fgl?lgl per
Installation output | industrial > e p
Cement grout + bentonite + clay and Cement grout + bentonite and other
other materials and additives, such as aditi g h as ash. sl
Materials | ash, slag additives such as ashl, siag
1.2-1.75 (typically 1.5 on penetration ) ) .
wic ratio | and 1 to 1.25 during withdrawal) 1.25-1.50 (sands) - 2.5 (cohesives)
Cemz‘t factor | 120-400 ke/m’ 200-750 ke/m’
Mix Design B i)
o v sl | Volume ratio |5 40, 50-100%
requirements) (VOIgmuI:VOI,\oll)
0.3-7 MPa (clay strengths approx. 40% | 0.3-1.3 MPa (clays)
Reported U.CS. | ofthose in sands); In sands, 2+ MPa 1.2-4.2 MPa (sands)
Sreated K| 1x10710 1x 107 ms Tx107t0 1% 10" m/s
Properties E | 300 to 1000 x U.C.S. 350 to 1350 x U.C.S.

Specific Relative Advantages
and Disadvantages

Economical, proven systems; mixing efficiency can be poor in stiff cohesive soils
(especially SMW Seiko); can generate large spoil volumes, proportional to
volume ratio required for mixing efficiency and treated soil requirements

Notes

First DSM application at Bay City, MI
in 1987.

Developed by Seiko in 1972: first used
1976 in Japan, 1986 in U.S. Trade
Association in Japan.

Representative References

Ryan and Jasperse (1989, 1992); Day
and Ryan (1995);
Nicholson et al., 1998

Taki and Yang (1989, 1991);
Yang (1997)

*ND = No data; NA = Not applicable.




Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Multimix (Trevimix) 3 Colmix 4
Classification W-R-S W-R-S

Company Trevisani Bachy

Geography Italy, U.S. Europe

General Description of Most
Typical Method

Multiple cable-suspended augers rotate
in opposite directions. Grout injected
during penetration. Prestroked with
water in clays. Auger rotation reversed
during withdrawal. Mixing occurs over
8- to 10-m length of shaft.

Counter-rotating mixing shafts from
fixed leads penetrate ground while
slurry is injected. Blended soil moves
from bottom to top of hole during
penetration, and reverses on
withdrawal. Restroking of columns in
cohesive soils.

Special Features /
Patented Aspects

Pre-drilling with water + additives in
very resistant soils. Process is patented
by TREVL Developed especially for
cohesionless soils of low/medium
density, and weak clays.

6 to 8 auger machines noted in
Australian patent (1995). Changing
direction of augers during extraction
compacts columns. Patented in U.S.
4,662,792 (1987). Automatic drilling
parameter recorder synchronizes rate
of slurry injection with penetration
rate.

1-3, typically 3.

2, 3, or 4 common (6-8 possible)

Shafts | Configuration varies with soil.
Diameter | 0.55-0.8 m at 0.4 - 0.6-m spacings 0.23t00.85m
Realistic max. | 25 m 20 m (10 m common)
depth
rpm | 12-30 NA*
Details of Productivity/ { 0.35-1.1 m/min penetration (typically 0.8 m/min penetration; 1.0 m/min
Installation output | 0.5) 0.48-2 m/min withdrawal withdrawal; 200-300 m/shift
Cement grout mainly, plus bentonite in | Cement, lime, flyash, and special
sands; additives common, even in grouts to absorb heavy metals and
Materials | predrilling phase organics
Typically low, i.e., 0.6-1.0 (especially 1.0 typical, but wide range
w/c ratio | in cohesives)
Cement factor | 200-250 kg/m; typical Up to 320 keg/m° (200 kg/m’ typical)
Mix Design (KBeamen/m® .‘,i,) (80-450 kg/m" range)
(depends on soil Volume ratio | 15-40% 30-50%
type and strength
requirements) (Volw,.:VOlmu)
0.5-5 MPa (sands); 0.2-1 MPa (silts, 3-4 MPa (clay), higher for sands
Reported U.C.S. | clays); up to 20 MPa in very hard soils
g‘;ielated k| <1x10®m/s <1x 107 m/s
Properties E | ND* 50t0 100 x U.C.S.

Specific Relative Advantages
and Disadvantages

Goals are to minimize spoils (10-20%)
and presence of unmixed zones within
and between panels

Low spoil claimed. Can be used on
slopes and adjacent to structures.
Columns have 10-20% larger
diameters than shafts due to
compaction effect. Flexible
equipment and mix design.

Notes

Developed jointly in 1991 by TREVI
and Rodio.

Developed in France in late 1980s.

Representative References

Pagliacci and Pagotto (1994)

Harnan and lagolnitzer, 1992

E

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Soil Removal Technique 5 CDM 6

Classification W-R-§ W-R-E

Company Shimizu Corporation More than 48 members of CDM
Association in Japan

Geography Japan Japan, China

General Description of Most
Typical Method

Upper continuous auger flights on
fixed leads extract soil to ground
surface during penetration. Lower
mixing blades rotate and mix soil
with injected slurry during
withdrawal.

Fixed leads support shafts with 4-6
mixing blades above drill bit. Grout
injected during penetration and (mainly)
withdrawal. Also a 2- to 8-min mixing
period at full depth.

Special Features /

Continuous flight augers from drill
tip to the ground surface remove
soil to limit ground displacements

Comprises numerous subtly different
methods all under CDM Association

Patented Aspects and lateral stresses during mixing.
2 2-8 (marine): 1-2 (land) (each with 4-6
Shafts blades) (12 have been used)
Diameter | 1-1.2m 1-2 m (marine); 0.7-1.5 m (land)
Realistic max. | 40 m 70 m (marine): 40 m (land)
depth
rpm | ND* 20-30 (penetration); 40-60 (withdrawal)

ND* 0.5-2 m/min (avg. 1 m/min)

(penetration) 1-2 m/min (withdrawal)
Details of Productivity/ (1000 m*/shift for marine; 100-200
Installation output m*/shift on land)

Cement grout* Wide range of materials, including
portland or slag cement, bentonite,
gypsum, flyash, using fresh or seawater;

Materials plus various additives.
w/c ratio | ND* 0.6-1.3, typically 1.0
Cement factor | ND* 100-300 kg/m’, ,
Mix Design (Kgeamen/ ,\:,io typically 140 to 200 kg/m
(depends on soil e Volume ratio | ND* 20-30%
requiremgnls) (Volgmmfvo‘.\ail)
0.5 MPa (in soft silt) Strengths can be closely controlled, by

(70% of conventional DMM)

varying grout composition, from

U.C.S. < 0.5-4 MPa (typically 2-4)
1;:5:::(?(1 k | ND* 1x10Tto 1 x 107 m/s
Soil ND#* 350 to 1000 x U.C.S. (lab)
Properties E 150 to 500 x U.C.S. (field)

Specific Relative Advantages
and Disadvantages

Reduces horizontal displacements
and stresses imposed during
mixing. Obviates need for pre-
augering.

Vast amount of R&D information
available. Specifically developed for
softer marine deposits and fills, now also
used for land-based projects.

Notes

Operational prototype stage.
Possibly patented.

* Assumed similar to CDM.

Association founded in 1977. Research
initiated under Japanese Government
(1967). Offered in the U.S. by Raito, Inc.

Representative References

Hirai et al., 1996

CDM (1996); Okumura (1996)

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name SSM 7 SCC 8
Classification W-R-E W-R-E

Company Geo-Con, Inc. SCC Technology, Inc.

Geography U.S. SCC (U.S.); Tenox (Japan)

General Description of
Most Typical Method

Single large-diameter auger on hanging
leads or fixed rotary table is rotated by
bottom rotary table and slurry or dry
binder is injected. Auger rotation and
injection continue to bottom of treated
zone. Auger rotation during withdrawal
usually without injection.

Grout is injected from shafts on fixed
leads during penetration. A “share
blade” is located above tip (non-
rotating). At target depth, 1 minute of
additional injection plus oscillation
for 1.5-3 m. Withdrawal with counter
rotation and no further grout injection.

Special Features /

Single large-diameter auger; cycling up
and down is common to improve mixing

Very thorough mixing via “share
blade” action, which is patented.

Patented Aspects efficiency.

Shafts | 1 Single with 3 pairs of rotated mixing
blades plus “share blade.” Double
shafts are possible for ground
stabilization; single shaft for piles.

Diameter | 1-4 m 0.6-1.5 m; 1.2 m for double shafts.
Realistic | 12 m 20 m max
max. depth
rpm | 15 30-60
Productivity/ | 500-1500 m’ per shift 1 m/min penetration and withdrawal
Details of output 100 m® of wall up to 400 m of piles/8-
Installation h shift
Materials | Cement grout, bentonite, flyash, lime, Typically cement grout, but others,
and other additives for contaminant e.g., ash, bentonite, possible.
immobilization
w/cratio | 1-1.75 0.6-0.8 (clays) to 1.0-1.2 (sands)
Cement | 200-400 kg/m’ 150-400 kg/m’ cement
. . factor (kgpewm®
Mix Design o
Srrderentn | Volume ratio | 12-20% 25-35%
requirements) (Volgou: Voly)
U.C.S. | 3.5-10 MPa in granular soils. 3.5-7 MPa (sands)
0.6-1.2 MPa common in high-water- 1.3-7 MPa (cohesives)
Reported content sludges.
sreated k | 1x 10 m/s possible. X 10° mis
Properties E[ 100 to 300 x U.C.S. 180 x U.C.S.
Can treat wide variety of contaminants, | Low spoil with minimal grout loss
Specific Relative including creosote, tar, organics, claimed, due to low w/c and

Advantages and

petroleum, etc.

minimized injected volume. Very

Disadvantages efficient mixing.
Mainly used for environmental Used since 1979 in Japan and 1993 in
applications to date, but increasing use U.s.

Notes in geotechnical field

Representative References

Walker, 1992; Day and Ryan, 1995;
Nicholson et al., 1997

Taki and Bell (1997)

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name MecTool® 9 RAS Column Method 10
Classification W-R-E W-R-E

Company Millgard Corporation Raito Kogyo, Co.

Geography U.S. and UK. Japan

General Description of Most
Typical Method

For cohesive soils, grout is placed in
pre-drilled hole in center of each
element, and soil in the annulus of the
tool is then blended with mixing tool.
End mixing with grout injected
through hollow kelly bar.

Large diameter, single-shatft,
concentric double-rod system on
fixed lead is rotated at high rpm into
ground, and grout injected over zone
to be treated. Unit cycled up and
down through zone with or without
additional grout injection.

Special Features /

MecTool (U.S. Patent #5,135,058).
Also Aqua MecTool (U.S. Patent
#5,127,765), describes an isolation
mechanism that encloses submerged
mixing tool in remediation zone
providing protection against secondary

Cutting blade on inner rod rotates in
opposite direction from two mixing
blades on outer rod.

Slurry injection ports located at base
of inner rod.

Patented Aspects contamination.
Shafts | 1 1
Diameter | 1.2-4.2 m max. 1.4 and 2.0 m (Jarger than typical
CDM)
Realistic max. | 25 m max (typically less than 6 m) 24 m typical; 28 m possible.
depth
rpm | ND* Up to 40 (in each direction)
Details of Productivity/ | 0.6 m/min 0.5 m/min penetration
Installation output 1 m/min withdrawal
Materials | Cement grouts including PFA and Cement grout
other materials + proprietary additive
to breakdown “plastic seals thereby
enabling through-the-tool delivery”
w/c ratio | ND* 0.8 (field trial)
Cement factor | ND* 300 kg/m’ (field trial)
Mix Design (kg ’_"") ) _
(depends on soil e Volume ratio | 20-35% estimated range 33% (field trial)
%Iqusir:;n"fm.\) (VOIyoul:VOIsoil)
U.CS. | 0.8-2.5 MPa 1-6 MPa
Reported 3 5
Treated Soil ki{1x10°to1x10” m/s ND*
Properties E | ND* ND*

Specific Relative Advantages
and Disadvantages

“Excellent control of grout and spoil
quantity”

Large-diameter auger speeds
production, computer control and
monitoring, uniform mixing.
Specially useful in dense soils.

Notes

Mainly environmental applications to
date.*Probably similar to SSM

* Assumed similar to CDM

Representative References

Millgard Corporation, 1998

Isobe et al., 1996

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipmént and pertinent information for each technique (continued).

Name Rectangular 1 (Cutting Wheels) 11 Rectangular 2 (Box Columns) 12
Classification W-R-E W-R-E

Company Shimizu Daisho Shinko Corp.

Geography Japan Japan

General Description of Most
Typical Method

A pair of laterally connected shafts
with horizontal mixing blades and
vertical vanes are rotated during
penetration. Grout injection during
penetration and/or withdrawal.
Vertical vanes create rectangular
elements.

Mixing shaft rotated, “box casing”
conveyed (without rotation), and
grout injected during penetration.
Shaft is counter-rotated during
withdrawal.

Special Features /
Patented Aspects

Use of claw-like vanes to create
rectangular columns; vanes may be
patented. Inclinometer fixed to mixing
unit to monitor verticality.

Use of box casing, which surrounds
mixing tools and contains treated soil
to create square or rectangular
columns.

Shafts | 2 1 with 4 horizontal mixing blades
Diameter | 1-m x 1.8-m columns 1-m square box
Realistic max. | 15m ND*
depth
rpm | ND* 30 (shaft only)
Details of Productivity/ | 1 m/min penetration/withdrawat 0.5 m/min penetration
Installation output 1 m/min withdrawal
Materials | Cement grout Cement grout
w/c ratio | ND* 1.0-1.2
Cement factor | ND* 150-400 kg/m’
Mix Design (i’ )
(depencs am o ype Volume ratio | ND* ND*
requirements) (Volgmu.:Vol,.on)
Reported U.C.S. | ND* 1.2-4.2 MPa
ggﬁated kK | ND* ND*
Properties E | ND* ND*

Specific Relative Advantages
and Disadvantages

Rectangular columns require less
overlap than circular. Vertical flow
during mixing, larger cross-sectional
column area per stroke.

Square/rectangular columns require
less overlapping than circular
columns. Uniform mixing promoted.

Notes

Operational prototype stage.
*Assumed similar to CDM

Operational prototype
stage.* Assumed similar to CDM.

Representative References

Watanabe et al., 1996

Mizutani et al., 1996

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Single Auger Mixing (SAM) 13 Cementation 14
Classification W-R-E W-R-E

Company Terra Constructors Kvaerner Cementation

Geography u.s. UK.

General Description of Most

Typical Method

Large-diameter mixing tool on
hanging leads rotated, with slurry
injection during penetration.

Single auger on fixed leads rotated
during penetration. Auger cycled up and
down through 1-m length five times,
then raised to next 1-m increment.
Repeat to surface. Injection upon
penetration, cycling, and/or withdrawal

Special Features /

Multiple-auger mixing capability
(MAM) foreseen for deeper

Combination of a short interrupted
length of auger with smaller diameter

Patented Aspects applications. continuous flights.
Shafts | 1 1
Diameter | 1-3.6 m 0.75 m (1 m also possible)
Realistic max. | 13 m max. 10+ m
depth
rpm | 8-16 ND*
Details of Productivity/ | 380 m’/8-h shift 0.5-0.67 m/min penetration/mixing
Installation output
Materials | Cement grout mainly, and other Cement grout with or without flyash
additives for oxidation/stabilization
of contaminants.
w/c ratio | 0.75-1.0 0.4
Cement factor [ ND* 60-130 kg/m’
Mix Design (gt =) _
(depends on soil e Volume ratio | 10-20% by weight Unknown
requiremgns) (VOlgmm?VOImil)
U.C.S. | Varies dependent upon soil type; 5-10 MPa
¥990trt§d up to 3.5 MPa
Soil K | Similar to in situ soil ND*
Properties E ND* ND*

Specific Relative Advantages
and Disadvantages

Applicable in soils below water
table. Environmental applications.

Low spoil, low heave potential, specific
horizons can be treated, good in
saturated ground where dewatering
cannot be used.

Notes

Developed since 1995.

Not now apparently used in U.K. due to
market conditions.

Representative References

Terra Constructors, 1998

Greenwood, 1987

ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

companies worldwide)

Name HBM (Single Axis Tooling) 15 Rotomix 16
Classification W-R-E W-R-E

Company Hayward Baker Inc., a Keller Co. INQUIP Associates

Geography U.S. (but with opportunities for sister | U.S. and Canada

General Description of Most

Cable-suspended shaft rotated by
bottom rotary drive table. Grout
injected usually during penetration,
followed by S minutes mixing and
oscillation at full depth, and rapid
extraction with injection of “backfill

Single rotating shaft and bit; grout
injection

0.2-1.4 MPa (clays)

Typical Method grout” only (1-5% total).
Special Features / Method proprietary to Keller. Proprietary to INQUIP
Patented Aspects
Shafts | Single with 2 or 3 pairs of mixing Single, rotating bit with paddles
paddles above drill bit.
Diameter | 0.5-3.5 m, typically 2.1 and 2.4 m 12t04.8m
Realistic max. | 20 m max. 3-30 m (depends on auger diameter)
depth
rpm | 20-25 (penetration); higher upon 5-45
withdrawal
Productivity/ | 0.3-0.5 m/min (penetration); faster ND*
Details of output | upon withdrawal. In excess of 500
Installation m®/shift
Materials | Varied in response to soil type and Cement
needs
w/c ratio | 1-2 (typically at lower end) 0.8-2 typical
Cement factor | 150 kg/m’ >100 kg/m’
Mix Design (i’ =
(depends on soil type Volume ratio | 15-30% >15%
and strength
requirements) (VO’NGVOlwu)
U.C.S. | 3.5-10 MPa (sands) >0.1 MPa

Specific Relative Advantages
and Disadvantages

capability; low spoils volume. Dry
binder method also available.

Reported - : . ;
Trgated Soil k | 1x 107 m/s possible <1x 10® m/s typical
Properties E | ND* ND*

Good mixing; moderate penetration Good penetration/mixing.

Dry binder available for use in
treating sludges.

Notes

In development since 1990.
Commercially viable since 1997.

Developed in 1990, mainly used for
environmental applications. Limited
data.

Representative References

Burke et al., 1998

INQUIP Associates, 1998.

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Spread Wing (SWING) 17 JACSMAN 18

Classification W-J-E W-J-E

Company Taisei Corporation/Raito Kogyo Co., Chemical Grout Co., Fudo Co., and
and others others

Geography Japan, U.S. Japan

General Description of Most
Typical Method

With blade retracted, 0.6-m diameter
pilot hole is rotary drilled to bottom of
zone to be treated. Blade expanded
and zone is treated with rotary mixing
to 2-m diameter and air jetting to

3.6 m diameter.

Twin counter-rotating shafts, grout
injected at low pressure from cutting
blades during penetration. During
withdrawal, inclined, crossed jets on
upper two pairs of blades are used at
high velocities to increase diameter
and enhance mixing efficiency

Retractable mixing blade allows
treatment of specific depths to large
diameter. Concentric mechanically
mixed and jet mixed zones are
produced. Patented. Trade

The combination of DMM and jet
grouting ensures good joints between
adjacent columns, and columns of
controlled diameter and quality.
Column formed is nominally 1.9 m x

Special Features / association. 2.7 m in plan. Patented process.
Patented Aspects Trade association.
Shafts | 1 2 shafts at 0.8-m spacing each with
3 blades.
Diameter | 0.6-m pilot hole, 2.0-m (mechanical) 1 m (blades at 0.8-m spacing along
to 3.6-m (jetted) column shaft)
Realistic max. | 40 m 20 m
depth
rpm | ND* 20
Details of Productivity/ | 0.03-0.1 m/min penetration 1 m/min penetration
Installation output 0.5-1 m/min withdrawal
Materials | Cement grout Cement grout
w/c ratio | ND* 1.0
Cement factor | 450 kg/m’ 200 kg/m® (jetted); 320 kg/m’
(ke ) (DMM). Air also used to enhance
jetting
Volume ratio | ND* 200 L/min per shaft during DM
. . {(Volyuu Vol) penetration; 300 L/min per shaft
%lefdgleﬁfg " during withdrawal (jetting);
Msremonig i.e., 20-30%
U.C.S. | 0.4-4.4 MPa (mechanically mixed 2-5.8 MPa (silty sand and clay)
zone); '1.5 MPa (sgndy), 1.2 MPa 1.2-3 MPa (silty sand)
(cohesive) (jet-mixed zone)
Reported =
Treated k 1x10° m/s ND*
Soil E [ 150 x U.C.S. (mechanically mixed ND*
Properties zone); 100 x U.C.S. (jet-mixed zone)
Variable column size generated by New system combining DMM and
varying pressures; jet-grouting principles to enhance
. . retractable/expandable blade, jet volume and guality of treatment;
Specific Relative mixing allows good contact with jetting provides good overlap
Advantages and adjacent underground structures in etween columns.
Disadvantages difficult access areas.
SWING Association with 17 members | Name is an acronym for Jet and
Notes established in late 1980s in Japan. Churning System Management.

Representative References

Kawasaki et al., 1996; Yang et al.,
1998

Miyoshi and Hirayama (1996)

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name LDis 19 Geolet 20
Classification W-J-E W-J-E

Company Onoda Chemical Co., Ltd. Condon Johnson and Associates
Geography Japan Western U.S.

General Description of Most
Typical Method

The mixing tool is rotated to full
depth. Tool is withdrawn (rotating) to
break up and remove the soil,
followed by re-penetration to full
depth. Grout is injected during second
withdrawal via jets, at high pressure.

Grout is jetted via ports on a
“processor” during rapid penetration.
The wings cut the soil and the jetted
grout blends it.

Special Features /
Patented Aspects

Conventional jet grout equipment
with addition of single-blade auger to
reduce volume of material displaced
by jet and, therefore, limit ground
movement (i.c., make volume injected
equal to volume removed).

Combination of mechanical and
hydraulic cutting/mixing gives high-
quality mixing and fast penetration.
Licensed by CJA for five western
states. Trevi-ICOS for the remainder.
Very low environmental impact.

Shafts | 1 1 shaft with pair of wings or similar
“processor”
Diameter | About 1.0 m (jetted) 0.6-1.2m
Realistic max. | 20 m 45 m max (25 m typical)
depth
rpm | 3-40 150-200 (recent developments
focusing on 80-90 rpm)
Productivity/ | 0.33 m/min penetration. Overall, 2-12 m/min (penetration) (6 m/min

Details of output | about 65% that of jet grouting. typical) 15 m/min (withdrawal); 150 m
Installation of piles/h possible

Materials | Cement grout* Cement grout; additives if necessary

w/c ratio | ND* 0.5-1.5 (typically 0.8-1.0)

Cement factor | ND* 150-300 kg/m’
Mix Design (kg ’f“)
(depends on soil type Volume ratio | About 40% 20-40%
and strength
requirements) (VOlmmIVleon)
U.CS. | 2 MPa 0.7-5.5 MPa (Bay mud) 4.8-10.3 MPa
R ted (Beaumont clay)
eporte

Treated Soil k | ND* ND*
Properties E | ND* ND*

Specific Relative Advantages
and Disadvantages

Re-penetration causes production to
be low. Spoil volume approximately
equal to injected volume. Minimal
ground heave.

Computer control of penetration
parameters excellent. High strength.
Low spoil volumes. High
repeatability. Excellent mixing. High
productivity.

Notes

Operational prototype stage.

*Assumed similar to conventional jet
grouting.

Developed since early 1990s. Fully
operational in Bay Area. Five patents
on “processor,” system, and computer
control; three patents pending.

Representative References

Ueki et al., 1996

Reavis and Freyaldenhoven (1994)

*ND = No data; NA = Not applicable.

18




Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Hydramech 21 Dry Jet Mixing 22
Classification W-J-E D-R-E

Company Geo-Con, Inc. DIM Association (64 companies)
Geography uUsS. Japan

General Description of Most
Typical Method

Drill with water/bentonite or other drill
fluid to bottom of hole. No
compressed air used. At bottom, start
low-pressure mechanical mixing
through shaft. Cycle three times
through bottom zone. Multiple high-
pressure jets started at same time

(350-450 MPa).

Shafts are rotated while injecting
compressed air from the lower blades to
avoid clogging of jet nozzles. Dry
materials are injected during withdrawal
via compressed air, and with reverse
rotation. Air vents to surface around the
square section shafts.

Special Features /

2-mm-diameter “hydra” nozzles on
outer edges of mixing tool.
Mechanical mixing occurs in center of
columns, chunks of soil forced to

System is patented and protected by DIM
Association. Two basic patents (blade
design and electronic control system).
Many supplementary patents.

Berimeter where disaggregation occurs
Patented Aspects y jets.
Shafts | 1 1-2 shafts adjustably spaced at 0.8 to
~1.5 m, each with 2-3 pairs of blades
Diameter | 1.2-m paddles on 0.9-m auger; column | 1 m
up to 2-m diameter, depending on jet
effectiveness.
Realistic max. | 20+ m 33 m max.
depth
rpm | 10-20 24-32 during penetration. Twice as high
during withdrawal.
Productivity/ | Up to 500 m’/shift 0.5 m/min penetration; 3 m/min
Details of output withdrawal.35-45% lower in low-
Installation headroom conditions
Materials | Cement Usually cement, but quicklime is used in
clays of very high moisture content
w/cratio | 1.0-1.5 NA*
Cement factor | 100-250 kg/m’ 100-400 kg/m’ (sands and fine grained
(kg ) soil using cement); 200-600 kg/m’ (peats
and organics using cement); 50-300
3 : . .
Mix Design . ‘ . kg/m’ (soft marine clays using lime)
(depends on soi Volume ratio | 10-15% by weight of soil. NA*
type and strength
Frequirements) (V°|gmu|1V01mu)
U.CS. | Upto 10 MPa Greatly varies depending on soil and
Reported binder, 1-10 MPa
Jreated k| Upto 1x 107 m/s “Higher than CDM permeabilities”
Properties E | 100to 300 x U.C.S. Eso = 50t0200x U.C.S.
No air used. Very uniform mixing. Heavy rotary heads remain at bottom of
Control over diameters provided at any | leads, improving mechanical stability of
depth. Several times cheaper than jet rigs, especially in soft conditions. Very
Specific Relative grouting. Mixing can be performed little spoils; efficient mixing. Extensive
Advantages and within specific horizons, 1.e., plugs can | RandD experience. Fast production on
Disadvantages be formed instead of full columns. large jobs.
Field-tested at Texas A&M. Fully Sponsored by Japanese Government and
operational from 1998. fully operational in 1980. (First
application in 1981.) Offered in the U.S.
Notes by Raito, Inc. since 1998.

Representative References

Geo-Con, Inc., 1998

DJM Brochure (1996); Fujita (1996);
Yang et al., 1998

*ND = No data; NA = Not applicable.
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Table 1. Summary of mixing equipment and pertinent information for each technique (continued).

Name Lime Cement Columns 23 Trevimix 24
Classification D-R-E D-R-E
Company Various (in Scandinavia/Far East). TREVI, Italy
Stabilator alone in U.S.
Geography Scandinavia, Far East, U.S. Italy, Eastern U.S., Far East

General Description of
Most Typical Method

Shaft is rotated while Injecting
compressed air below mixing tool to
keep injection ports clear. Dry materials
are injected during withdrawal via
compressed air, and reverse rotation.
Recéuires sufficient free water to hydrate
binder, e.g., sand >15%; silt >20%;

clay >35%.

Soil structure disintegrated during
penetration with air. Augers are then
counter-rotated on withdrawal and d
materials are injected via compresse(liy air
through nozzles on shaft below mixing
paddles. Binder can also be added during
penetration.

Special Features /
Patented Aspects

Very low spoil. High productivity.
Efficient ml;xing. No patents believed
current. Strong reliance on computer
control. Close involvement by SGI.

Use of “protection bell” at surface to
minimize loss of vented dry binder.
System is patented by Trevi and also used
under license by Rodio. Needs soil with
moisture content of 60-145+%, given
relatively high cement factor ang
diameter.

Shafts Single shaft, various types of 1-2 (more common). Separated by fixed
cutting/mixing blades. (but variable) distance of 1.5-3.5 m.
Diameter [ 0.5-1.2'm, typically 0.6 or 0.8 m 0.8-1.0 m (most common)
Realistic max. | 30 m max. (20 m typical) 30m
depth
rpm | 100-200, usually 130-170 10-40
Details of Productivity/ | 2-3 m/min (penetration) 0.4 m/min penetration
Installa- output 1 0.6.0.9 m/min (withdrawal) 0.6 m/min withdrawal
tion 400-1000 lin m/shift (0.6 m diameter) 39 m/8-h shift
Materials | Cement and lime In various percentages Dry cement (most common), lime, max.
(typically 50:50 or 75:25) grain size 5 mm
w/c ratio | NA* NA*
Cement factor | 23-28 kg/m (0.6 m diameter), typically 150-300 ke/m°
. (kgemen'* ) | 40 kg/m (0.8 m diameter); ¢
glel;‘i . overall 20-60 kg/m i.e., 80-150 kg/m’
(dependson soif Volume ratio | NA® NA*
ngl;Zmzr;!gs;,gt (vclgmm:VOImil)
U.C.S. [ Varies, but typically 0.2-0.5 MPa 1.8-4.2 MPa (avg. 2.5 MPa)
(0.2-2 MPa possible). Shear strength
0.1-0.30 MPa (up to 1 MPa in field)
k | For lime columns, k = T000 times higher | ND*
than the k of the clay; for lime-cement
Reported columns, the factor is 400 to 500.
ggﬁafed E [50t0200x U.CS. 1102.66 x 10° MPa (clays)
Properties 3.125x 10° MPa (sandy soils)
Same as for DJM. Excellent No spotl, uniform mixing, automatic
Specific Relative Swedish/Finnish research continues. control of binder quantity. System allows
Advantages and for “possibility of injecting water during
Disadvantages penetration.”
Developed by Swedish industry and Developed by TREVT in Italy in late
Government, with first commercial 1980s. Trevi-ICOS, U.S. licensee, in
applications in mid 1970s, and first U.S. | Boston, MA
Notes application in 1996.

Representative References

Holm (1994); Rathmeyer (1996)

Pavianni and Pagotto, 1991; Pagliacci and
Pagotto, 1994

*ND = No data; NA = Not applicable
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The Scandinavian market is estimated at $30 to $40 million per year, and is served by about 10
specialty contractors offering the Lime Cement Column method, historically developed for the local
fine-grained saturated, organic soils. As in Japan, research and development continues apace,
sponsored by industrial consortia headed by Governmental agencies. Strong market growth
occurred from the late 1980s, although in recent years, growth rates have been more erratic due to

national economic pressures.

1.2.1.7 Barriers to Market Entry and Limits to Expansion within the United States
(Chapter 7)

The rate of growth in DMM use in the United States was relatively slow and irregular between 1986
and 1992, but has increased substantially since then. It is possible to identify several, often
interrelated, factors that have conspired to act as barriers to market entry for prospective

contractors, and as potential limits to market growth in the United States:

e Demand for DMM: the changing nature of the U.S. market, emphasizing urban and
infrastructure redevelopment, usually in coastal areas with soft soils, high water table and/or

seismic risk, favors and encourages the use of technologies like DMM.

e Awareness of DMM by Specifiers and Other Potential Clients: a wide range of specialty
contractors and consultants are promoting DMM through a variety of media and so the level of

awareness among the engineering public is increasing.

e Bidding Methods/Responsibility for Performance: performance specifications, design-build
approaches, and other innovative procurement vehicles facilitate the introduction of “new

technologies” such as DMM.

e Geotechnical Limitations: sites with boulders, very dense or Stiff soils, fills with previously
installed structures (including piles), and other obstructions are not best suited technically or
economically. Treatment depths should be Jess than 40 m for most systems, and as shallow as

20 m for some.
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* Technology Protection: most U.S. systems appear to be protected by patent or are operated
under foreign license. This, plus the following factor, will act naturally to restrict the number of

contractors who can conduct DMM.

o Capital Cost of Startup: whether the DMM system has been “home grown” or imported under
license, the financial investment required to acquire, develop, promote, and run a DMM System
tends to be relatively high. This automatically also restricts the number of contractors who carn

offer the technique.

As a final point, the chapter notes that fluctuations in the volume of DMM conducted in certain
countries may be correlated to the incidence of natural disasters (e.g., the Kobe earthquake in 1995).
On the other hand, it may be expected that a major technical reverse on a high profile project would

have a correspondingly negative impact on market acceptance and level of DMM usage.

1.2.1.8 Final Remarks (Chapter 8)

This chapter observes that DMM is a well researched, well documented, vibrant technology with
international reputation and application. However, it is essential for its continued growth in the
United States that it is applied correctly, designed properly, constructed efficiently, and restricted
sensibly to the natural restraints of soil conditions and equipment capability. If these conditions are
observed, then DMM can become a commodity product in the geotechnical market, albeit a product

provided by a relatively small number of contractors.

1.2.2  Volume 2: An Introduction to the Deep Mixing Method as Used in Geotechnical

Applications (Appendices)

These appendices provide details on each DMM variant; observations on Scandinavian practice
based on a visit to Finland and Sweden in May, 1997; a new joint venture for Lime Cement

Columns work in the United Kingdom; an introduction to the Swedish Deep Stabilization Research
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Center; an abstract from the new Finnish specifications for Lime Cement Columns; and details of

the “Mass Stabilization” method used by the YIT Company, Finland.
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2. BACKGROUND TO THE SOIL-BINDER CHEMICAL REACTIONS INDUCED BY
DMM

2.1 Some Basic Definitions

DMM technology has been developed to remedy soils generally defined as “soft.” Porbaha (1998)
refers to “soft ground” as comprising cohesive soils with high moisture contents, and saturated fine
granular deposits in a loose state. More specifically, soft ground has high compressibility, low
strength, or a loose structure rendering it potentially liquefiable. As such, soft ground may be found
to be: a fat clay with high plasticity, a silt with uniformly graded fines, a peat with several hundred

percent water content, or a loose fine to medium sand of low density.

Figure 2 and Table 1 introduce a large number of terms, most of which — like penetration rate, rpm,
and so on — are self-explanatory. However, the following terms merit clear definition at this point

since they are key controls over treated soil properties:

Cement Factor (also known as the o factor): defined as the weight of dry binder introduced into the
ground to be treated, divided by the volume of ground to be treated. The weight can refer to the
weight of binder used in dry methods, or the weight of binder used in the slurry in wet methods.
Expressed in units of kg/m3. Alternatively, and often confusingly, the term aw is also used, and this
is the ratio of weight of dry binder to dry weight of soil (expressed as a percentage). The two
definitions of cement factor are related but vary from each other, depending on the natural moisture

content as shown in Figure 3.

Volume Ratio (abbreviated to V.R.): defined as the ratio of the volume of slurry injected (in wet

method systems) to the volume of ground to be treated. Expressed as a percentage.
Binder: usually portland cement and (in the Scandinavian methods) unslaked (quick) lime.

However significant research has been conducted on the use, in substitution or addition, of gypsum,

flyash, coal slag, and “a variety of waste materials that have the ability to produce or
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enhance pozzolanic reactions when mixed with soil and water, and also to reduce costs”

(Esrig, 1997).

Pozzolan: can be defined as a finely divided silicaceous or aluminous material which, in the
presence of water and calcium hydroxide, will form cemented products such as calcium or
aluminate-silicate-hydrates. Clays can therefore contribute to the pozzolanic reactions believed to

occur during cement and/or lime stabilization.

2.2 Overview of Soil-Cement Chemistry

The soil-cement material created by DMM is usually a mixture of soil, cement, and water. Although
other binders, fillers, and admixtures can be substituted or added (Chapter 4), for simplicity this

brief overview focuses only on the fundamentals of the soil, cement, and water system.

The soil composition, which can vary widely even within the boundaries of one site, has a major
influence on the resultant product, as is clearly illustrated in this and subsequent chapters. This
degree of control and influence of the inherent variability of soils on the composition of soil-cement
and the degree of process control needed to produce the required materials properties is critical to

bear in mind.

Whereas coarser grained soils and fills, comprising sands, are typically of simple and durable
composition (e.g., quartz) and are therefore chemically inert during the mixing process, soils
comprising cohesive materials are altogether more complex chemically. Their natural behavior
results from their chemical composition, and their subsequent reactivity can be strongly affected by
changes to their chemical environment. Because the chemical interactions between the clay
particles themselves strongly influence the nature of the resulting soil-cement, it is appropriate to
review some details of the composition of clays, the hydration of cement, and the pozzolanic and

hardening reactions that occur in the formation of soil-cement in clay soils.

However, almost irrespective of whether clay or sand is being mixed, a key factor in determining

the makeup of the resulting soil-cement is the efficiency of mixing that is imparted to the combined
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soil and cement (Chapter 5). The subsequent behavior of the soil-cement depends on the ability to
distribute the cement throughout and within the soil mass, and the degree to which cement grains
are distributed throughout the array of soil particles. The following sections dealing with soil and
cement interactions assume that there is thorough distribution of cement throughout the soil,

notwithstanding that this may not always be the case in practice.
2.3 Chemistry of Clay Soils

There are three principal compositions of elements that make up the majority of clay minerals,
namely sheets of silica oxides, aluminum hydroxides, and magnesium hydroxides. The clay
mineral particles are then formed as stacks of alternating sheets. The arrangement of sheets for the

three predominant clay minerals, kaolinite, illite, and montmorillonite, is shown in Figure 4.

A large number of sheets stack up to form kaolinite, and resulting particles typically are 100 nm
thick and 1000 nm in diameter, for a 1:10 thickness to width ratio. At the other extreme is
montmorillonite, which is usually about 1 nm thick and 100 nm in diameter, for a 1:100 thickness to
width ratio. As an example of the relative difference in particles, if the kaolinite were represented
by a 4-ft by 8-ft sheet of Y-in-thick plywood, then the montmorillonite would be a 3 by 5 in index
card. The important point in this difference is the relative surface areas that the same weight of
kaolinite and montmorillonite particles would possess, because it is on the surfaces of the clay
minerals that cement reactions occur: montmorillonite is therefore far more reactive. It often also
has Na" ions on the surface that exchange with Ca*™ ions from the lime during the mixing process.
Hence lime is effective in controlling montmorillonite behavior. Illite, by comparison, is rather

inert, except when deposited in a marine environment, where Na* ions are incorporated.
Surrounding each clay particle is a layer of water molecules that is tightly held by clay surface

attractive molecular forces. The chemical make-up of the surface layers of the clay minerals also

has significant effect on the clay's reactivity with cement. Isomorphous substitution occurs in the
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layers that result in substitution of some of silicon, aluminum, or magnesium atoms by other clay
mineral surface atoms of lower valence (commonly by aluminum, magnesium, and iron,
respectively). This substitution causes the flat surfaces to have negative charge, which attracts
"exchangeable" cations in the pore fluid and results in the tightly bonded "double layer" of water
that forms around the surface of each clay mineral particle. The chemical reactions of cement,
water, and clay particles then directly interact with the clay surface elements and the particle's

double layer water.

Within this framework, the reactions which lead to development of clay particle interaction with
cement occur. For further information on clay mineralogy, the reference by Mitchell (1993) is

recommended.

2.4 Chemistry of Cement Stabilized Clay Soils

Portland cement clinker is produced by burning a mix of calcium carbonate (limestone or chalk) and
an aluminosilicate (clay or shale) and then grinding the product with approximately 5% gypsum to
produce cement (Table 2). The significant levels of iron oxide in a gray cement are derived from
the clay, as are the much lower levels of alkalis. The ASTM classification of ASTM Type 1 cement
corresponds to the United Kingdom terminology “Ordinary Portland Cement” (OPC), CEMI
(British Standard 12: 1996) and the European pre-standard ENV197.

As a simplification, Portland cement comprises primarily four compounds: Tricalcium Silicate,
Bicalcium Silicate, Tricalcium Aluminate, and Tetracalcium Aluminoferrite. Bogue (1955)

proposed the following chemical formulae representing the mass percentage of each oxide:

Tricalcium Silicate: 4.07Ca0 — 7.60Si0; — 1.43Fe,0;5 — 6.72A1,0;
Bicalcium Silicate: 8.608i0; + 1.08Fe,03 + 5.07A1,0; — 3.07Ca0
Tricalcium Aluminate: 2.65A1,03 — 1.69Fe,04

Tetracalcium Aluminoferrite: 3.04Fe,0;
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Table 2. Composition of portland cement (Bye, 1999).

Cement* Clinker* Cement Clinker

Grey: % | Black:% | White: % Grey Black | White
SiO, 19-23 21.7 23.8 LSF%' 90-98 | 98.4 97.2
ALO, 3-7 53 5.0 LCF%* - 96.2 93.8
Fe,0s 1.5-45 2.6 0.2 SR 24 2.7 4.6
CaO 63-67 67.7 70.8 AF 14 2.0 25
MgO 0.5-2.5 13 0.08 CiS% - 65.4 59.4
K,O 0.1-12 0.5 0.03 C,S% - 12.9 23.5
Na,O 0.07-04 0.2 0.03 C:A% - 9.6 129
SO; 2.5-3.5" 0.7 0.06 C,AF% - 19 0.6
LOI 1-3.0 - -
IR 03-15 - -
Free lime® 05-15 1.5% 2.5

cement — usual range; clinkers — examples used in text
upper limits in BS 12: 1996

lime saturation and combination factors (Section 2.2)
also included in total CaO

LOI loss on ignition (CO, + H;0) typically 0.8-1 8%

IR insoluble residue — usually siliceous and typically <1%
S/R silica ratio % SiO,/(%Al1,0; + %Fe;03)

A/F alumina ratio %Al,04/%Fe;03

e e %

The first two of these comprise about 75% of Type I portland cement. The reactions of these
compounds begin with the addition of water, initiating hydration. Subsequent interactions of the
resulting chemicals with the clay cause other reactions. Hardening occurs in two forms — the
byproducts of cement hydration, and pozzolanic chemical reactions with clay. The various stages

of the soil-cement reactions follow, and are illustrated in Figure 3.

2.4.1 Initial Hydration of Cement

When cement is mixed with water, hydration occurs in which the four primary constituents of
portland cement combine with water (and with the free lime and gypsum that are present in cement)
to form other compounds that will eventually also cause hardening of the soil-cement. These
reactions are shown in Equations 1 through 5 (Bergado et al., 1996), which illustrate that
considerable amounts of water are consumed. Esrig (1999) reports that cement needs 25% of its

own weight of water, while unslaked lime needs 32%.
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CLAY ORDINARY
WATER PARTICLES PORTLAND WATER
CEMENT
CLAY HYDRATION
Y §
CATION CALCIUM
EXCHANGE [™* HyDROXIDE.
| —
ULATION '
FLoce / 3. Cement
Hardening
l
2. Pozzolanic ]
v Reactions INITIAL SET
Y : 3
REACTIVE SILICA
AND ALUMINA HARDENING
L 4
POZZOLANIC
REACTION

Y

AGGREGATION OF CLAY PARTICLES
INTER-"PARTICLE” CEMENTATION

Figure 5. Process diagram of soil-cement reaction.
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2(3Ca0.8i0z) + 6H,0 = 3Ca0.8i0,.3H,0 + 3Ca(OH), [1]

(tricalcium silicate)  (water) (tobermorite gel)  (calcium hydroxide)

2(2Ca0.8i0y) + 4H,0 = 3Ca0.2Si0,.3H,0 + Ca(OH), [2]

(bicalcium silicate) (water) (tobermorite gel)  (calcium hydroxide)

4Ca0.A1,03.Fe;05 + 10H,0 + 2Ca(OH)2 = 6CaO.A1203.Fe203,12H20 [31]
(tetracalciumaluminoferrite) (calcium aluminoferrite hydrate)

3Ca0.AL,03 + 12H,0 + Ca(OH), = 3Ca0.Al,05.Ca(OH),.12H,0 14]
(tricalcium aluminate) (tetracalcium aluminate hydrate)

3Ca0.Al, 03 + 10H,0 + CaS04.2H,0 = 3Ca0.Al,05.Ca(OH),.12H,0 [5]
(tricalcium aluminate) (gypsum) (calcium monosultoaluminate)

The tobermorite gel (the primary hydration product) forms on the surface of the cement grains and
because it is adhesive, it stiffens the cement mixture and gives the "initial set" to cement based
mixtures (i.., concrete, soil-cement, or grout). With time, the gel will harden, and it is responsible
for a large part of the mixture's strength. The tobermorite gel is usually identified as C3S;Hy and is
often referred to, simply, as CSH gel. However, for the purpose of this report, the terms
tobermorite gel and C3S;Hy are used to identify these primary cementitious products, and to avoid
confusion with the secondary cementitious products discussed below. When sufficient quantity of
cement is present, tobermorite gel that forms on the surface of cement particles will surround

nearby clay particles (Figure 6).

The higher the cement content, the greater will be the adhesive effect of the CSH gel and the more
marked the stiffening of the mixture. (This can impede machine shaft rotation, particularly when
the mixing augers or paddles are in the soil-cement for a considerable time. In the case of mixing to
great depth, a cement set retarder may be necessary.) The initial setting phenomenon is of course

dependent on the amount of cement and clay minerals, and the water content.

Also released in the initial hydration reaction is a considerable amount of calcium hydroxide,
Ca(OH); (Equations 1 and 2), which chemically alters the porewater. Calcium ions are released by
dissociation, as shown in Equation 6 below, and they replace cations in the double layer of water

absorbed onto the clay particles, which leads in turn to reduced repulsive forces and easier
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formation of flocculated structures. However, this is not thought to lead to increase in strength

since the mixing process typically remolds the original soil particle structure.

Ca(OH), — Ca"" +2(OHY [6]

242 Cement Hardening Reactions

The C3S,Hy gel developed on the surfaces of cement particles forms hydrate crystals as it hardens,
as simply illustrated in Figure 7. As the crystals grow outward from the cement grains, they will
encounter other crystals growing out from other nearby cement grains, and link together to form a
framework of hydrate crystals. This crystal framework will attach to soil particles, thus binding
cement grains and soil particles together in a rigid structure. This is the fundamental cement paste

hardening process.

However, not all of the tobermorite gel will have time to form hydrate crystals. A parallel reaction
oceurs on the surface of the clay minerals that will eventually lower the pH of the porewater
environment. When the pH drops below 12.6, the C3S:Hx undergoes hydrolysis (Equation 7 below)
and then cannot hydrate into the insoluble salt. The remaining gel is then lost from the normal
cement hardening process and forms a secondary cementitious product (much like that which occurs
in the pozzolanic reaction described in Section 2.4.3 below). These secondary cementitious

products provide much less strength than the hydrated CSH crystals (Equation 7).

C5S,H, — CSH + Ca(OH), [7]

(secondary cementitious product)

2.4.3 Pozzolanic Reactions

The calcium hydroxide (Ca(OH),) released by the cement hydration dissociates, as shown in

Equation 8 below, and the hydroxyl jons cause the porewater pH to rise considerably.
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Ca(OH), — Ca™ +2(OH)" [8]

This usually results in a strongly alkaline environment (pH greater than 12), and the high alkalinity
causes partial dissolving of the clay minerals, releasing silica and alumina from clay particle
surfaces. The elements released from the clay are acidic, and they combine in a pozzolanic reaction
with the free calcium and hydroxyls (the alkali) to form insoluble silica and alumina salts (referred

to as CSH and CAH) (Equations 9 and 10).

Ca™ +2(0OH) + Si0, — CSH [9]
(soil silica) (secondary cementitious product)

Ca™ +2(OH) + Al,0; — CAH [10]

(soil alumina)  (secondary cementitious product)

This pozzolanic reaction can continue for quite a while, essentially until the components that caused
the alkaline solution are consumed. This may be many months or years depending on the amount of
chemicals available. The large surface area of the clay particles provides more than enough
available silica and alumina to neutralize the basic solution. In this pozzolanic reaction, the pH of
porewater is lowered and, when it falls below 12.6, the primary cement gel hardening reaction is
stopped and the secondary product is formed. It is important to appreciate that these insoluble salts,
which precipitate from the pozzolanic reactions, are not nearly as strong as the primary cementation

resulting from the initial formation of tobermorite gel.

The degree to which pozzolanic reactions will occur is dependent on the amount of available
Ca(OH),, the chemistry of the pore fluid, and the solubility of the silica and alumina on the surfaces
of the particular clay mineral particles present. If the porewater is quite acidic to begin with, then
much of the alkalinity induced by the cement would be used in raising pH to even a neutral state.
Clay mineral solubility is affected by any impurities that may be present, clay particle grain size,

degree of crystallinity, and other factors.
Conversely, if only quicklime (CaO) is inj ected into the soil, the following reaction occurs:

CaO + a lot of H,O ~ Ca(OH), + a lot of heat [11]
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The calcium hydroxide so formed disassociates in the porewater (into Ca™ and OH" jons), raising
the pH and dissolving the SiO, and AL,O; from the clay particles, in the same fashion described
above (i.e., ion exchange, flocculation, and pozzolanic reactions initiated). The consumption of soil
porewater may itself be a substantial benefit in stabilizing the clay soil, by reducing its Plasticity
Index to far below the “A” line of Casagrande (i.e., properties of a silt). Esrig (1999) reported on
tests on Boston Blue Clay of 35 to 40% natural moisture content where cement and lime addition
reduced the water content by 2.5 percentage points, equivalent to an approximate increase in
consolidation stress of about 50%. The reduction in moisture content is much less significant in

montmorillonitic soils with natural moisture contents near 250%.
In contrast, adding gypsum with lime or cement leads to the production of ettringite needle crystals,
which can improve final strength. However, ettringite can cause swelling and is unstable at

temperatures over 40°C, leading to a decline in the use of gypsum in recent years.

2.4.4 Comments on Soil-Cement Strength Gain

The two principal reactions, namely the cement hardening reaction and the pozzolanic reaction,
occur simultaneously in the formation of soil-cement. The duration and extent (or speed) of each
reaction depends on the amount of cement introduced into the soil. At lower cement contents, the
tobermorite gel from the cement grain hydration may only extend a small distance from its surface,
and the pH reduction from the pozzolanic reaction may quickly overtake the primary cementitious

crystal growth, thus providing only a weak soil-cement material.

When the cement content is higher, the tobermorite gel will be more abundant, and the resulting
crystals can grow large enough to overlap into an interlocking structure. Within this structure, the
secondary cementitious products from the pozzolanic reactions will reside, giving a hardened, dense

matrix around stiff particles.

A certain threshold cement content would appear to be necessary to achieve a minimum spread of
cement throughout the remolded clay. This would impart a minimum stiffening throughout the

particle matrix by pozzolanic reaction and provide a weak, widely spread degree of primary
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cementation. As cement content increases above the minimum, then the products of the primary
cementation would converge and become stronger as the time to pH depression below 12.6
increases, and pozzolanic reaction potential would be greater and continue longer. Howeiler, there
would also appear to be an upper boundary to the cement content beyond which further

improvement in soil-cement strength would be minimal.

Tllustrative data are provided in Chapters 4 and 5.
2.5  Soil Chemistry and Other Factors Affecting Soil-Cement Formation

The clay-cement reactions show strong dependence on pH, clay composition, and crystalline
structure, and related factors that would interfere with the chemical reactions needed for primary
cementation and pozzolanic reactions. However, the water content and the cement factor have been
shown to be the dominant controls over the properties of the treated soil. Although this is explored

in detail in later chapters, the following introductory statements can be made at this point.

Generally, when water contents exceed 200 to 250%, soil-cement formation is greatly inhibited.
Cement factor must be above 5% before there is significant cementing action. It has been
demonstrated by Thompson (1966) that organic content and pH of a soil have significant influence
on reactivity with lime. Takenaka and Takenaka (1995) show the same dependence for cement
stabilization. The reasons for organic content to negatively affect the ability of soil to react with
lime or cement are not completely clear, but are related to the propensity for acid formation during
the chemical reactions of the stabilization process. Data from the summary presented by Takenaka
and Takenaka are shown in Figure 8, which clearly shows very low strengths achieved for the five

clay soils tested that had high organic components and low pH values.
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The influence of soil type, especially as related to organic soils, is also clearly illustrated in data
presented by Ahnberg (1996) in Figure 9. The clayey silt and quick clay achieved significantly
higher strengths. Interestingly, the peat, when mixed with an extremely high cement factor of
500 kg/cm’, was made to achieve strengths of the same magnitude as the other soils, but at such
high cement content, there must have been considerable replacement of peat by the added cement.
The quick clay had a high sodium content making it relatively reactive and so capable of higher
strength due to increased secondary CSH-CAH gel production. The gyttja (mud or muck) had a
very high water content, liquid limit, and organic content and therefore very low strength. (Acidic
conditions inhibit solubility because of low pH, and contribute to the weakness of organic matter

once it becomes cemented.)

The amount of reactive silica and alumina in clay soil and fines content have been found to affect
lime reactivity (Queiroz de Carvalho, 1981), but may have little effect on cement stabilization,
which is only partly dependent on the pozzolanic reaction for soil stabilization. Clearly, for the
stabilization of cohesionless soils, the strength gain will result from the primary cementation

reaction.

Water content has been shown to have substantial affect on development of soil strength, with
higher water contents decreasing the achievable strength of soil-cement. Just as in concrete and
grout mix proportioning, water in excess of an optimum range will cause lower strength (and
reduced durability) in stabilizing both sand soils and clays. Data presented by Babasaki et al.
(1996) are shown in Figure 10 and demonstrate that about 225% water content is an upper threshold

for soils that can be strengthened.
2.6  The Action of Additives to Cementitious Systems

Figure 11 shows how the permeability of a concrete is controlled primarily by the capillary porosity

of the cement-water paste. The paste comprises in addition to the C3S,H; gel, CSH gel,
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PERMEABILITY

Permeability of concrete Is controlled primarily
by the caplllary prorosity of the paste. Therefore,
the w/c and the degree of cement hydration control
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Figure 11. a) Relationship between permeability and water/cement ratio for mature cement pastes
(93% of cement hydrated) and b) Relationship between permeability and capillary porosity of
cement paste (Gause, 1998).
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Calcium Hydroxide (20 to 25% of paste volume), capillary pores (dependent on water/cement ratio
and degree of hydration), unhydrated cement (dependent on water/cement ratio and efficiency of
cement dispersion), porewater, and entrained or entrapped air. Thus the permeability (and other
related factors such as strength, durability, freeze-thaw resistance, and so on) are directly related to

the water/cement ratio and the degree of cement hydration.
Chemical and mineral admixtures can be used to decrease porosity by

o Reducing capillary porosity;

¢ Reducing unhydrated cement;
e Increasing hydration product;
e Reducing porewater; and

 Filling voids and pores.

Surfactants (dispersants) are materials with two structurally dissimilar groups within a single
molecule that provide unique surface behavior or surface activity by reducing interfacial tensions
between two liquids, or between a liquid and a solid. These additives aid rheological properties of

cement-based systems by

« Dispersing individual particles, promoting uniform and maximum separation (lowers the yield
stress); and

o Deflocculating groups of particles (lowers the plastic viscosity).

Retarders act in their normal range on the C3S and gypsum components, but not on the C;A. At

high doses they retard C3S and gypsum but accelerate C3A, leading to rapid stiffening or set.

Conversely, hydration inhibitors, such as MBT’s Delvo system (Figure 12) control the hydration of
all the cement minerals (C3S, C3A, C,S, C4AF, and gypsum). Hydration is allowed to recommence
only when the second chemical component (the Activator in Figure 12) is added to the cement and

water grout.
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3.1 Portland cement concrete acquires setting time
and strength characteristics by a chemical reaction
between cement compounds and water to form a
rigid material called calcium silicate hydrate get (CSH
get). This process is called hydration and produces a
rapid release of calcium ions into solution and forms
a CSH gel rind around the cement particles. As
concrete sets, hydrates formed by cement hydration
filocculate (clump up) as shown in Figure 1. it is this
process which turns workable concrete into a stiff
mass

3.2 Master Builders has developed the DELVO
System, a two-component non-chloride chemical
system to control the dynamics of cement hydration.
The tirst component of the DELVO System, DELVO
Stabilizer, when dispensed and thoroughly mixed
into returned plastic concrete, controls the rate of
hydrate formation by tying up (complexing calcium
ions on the surface of cement particles. Figure 2
shows that the DELVO Stabilizer performs a dual
purpose by stopping cement hydration by forming a
protective barrier around cementitious parnrticles, and
acts as a dispersant preventing hydrates from
floccutating (clumping up) and setting. The protective
barrier around cementitious particles prevents
portiand cement, fly ash, and granulated slag from
achieving initial set.

3.3 The stability of the protective barrier around
cement particles is so great that returned plastic
concrete can be stabilized and kept plastic for a few
minutes, a few hours, overnight or over a weekend.
The DELVO Stabilizer is diferent from conventional
retarding admixtures because it (DELVO Stabilizer)
is a surtace active material having a greater affinity
tfor calcium ions on cement hydrate surfaces. The
DELVO Stabilizer controls (stops) cement hydration
by acting on ali phases ot cement hydration. Con-
ventional retarding admixtures at norma! dosage
rates do not acton C A, a primary cement mineral
which contributes to setting time and early age
strength characteristics of concrete. The use of
retarding admixtures at high dosage rates may
cause severe concreate stitfening. flash set and iow
strength performance.

3.4 The second component of the DELVO System.
DELVO Activator, when dispensed and thoroughiy
mixed into stabilized concrete either the same day,
the following day or after a weekend. breaks down
the protective barrier around cementitious particles
as shown in Figure 3. As soon as this is completed
and the activated concrete is combined with freshily
manufactured concrete, normalt cement hydration
(floccutation), setting time and strength performance
takes place (see Figure 4).

Figure 1 — As concrete sets. hydrates formed by
cement hydration Hocculate (clump up)

Figure 2 — The DELVO Stabilizer, when dispensed
and thoroughly mixed into returned plastic concrete,
stops cement hydration by forming a protective
barrier around cementitious particles.

i
Figure 3 — The DELVO Activator, when dispensed
and thoroughly mixed into stabilized concrete,

breaks down the protective barrier around cementi-
tious particles

Figure 4 — When activated concrete is combined
with freshly manufactured concrete, normal cement
hydration (flocculation), setting time and strength
performance takes place

Figure 12. Chemical system control of cement hydration (Gause, 1998).
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Dispersants can also be used that act on the individual clay particles themselves. The benefits of
these chemicals include providing increased rates of penetration, improved grout/soil mixing

efficiency, and reduced amounts of binder (for a given strength criterion).

2.7  Summary

Deep mixing introduces cement into the soil, which then reacts with available water to hydrate and
form various cementitious compounds. When mixing is in sandy soils, the cement alone is the
cementitious medium. In clay soils, an important secondary pozzolanic reaction occurs that adds to
the strength of the soil-cement system: the initial hydration of the cement releases calcium
hydroxide that increases porewater alkalinity and reacts with available silica and alumina on the
clay particles. Although the resulting crystals are not as strong as those of the cementation reaction,
there can be substantial long-term strength gain from pozzolanic activity. However, since clays
may be highly and often subtly different, thorough site-specific study and laboratory testing are still

necessary to confirm proper mixing conditions and expected results for any given application.

It has been clearly demonstrated that organic soils and soils of low pH greatly impede stabilization
with cement. Although it may be possible to achieve some benefit from cement stabilization,
specific study is imperative at sites having either property. Also, soils with moisture contents in

excess of 225% are likely not readily amenable to economic improvement.

A most important factor in achieving efficient deep mixing remains the degree of uniformity in
mixing the cement with the soil. For the cement to react properly with and cover soil particles, it
must be initially well dispersed and the soil well disturbed, so as to allow the cement to be
uniformly distributed. In this regard, the use of chemical admixtures may offer considerable

advantages.
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3. QUALITY ASSURANCE/QUALITY CONTROL AND PARAMETER
VERIFICATION

3.1 General Philosophy of Test Programs

Regardless of the level of expertise of the contractor, and/or the level of understanding of the
particular site conditions, some type of pre-production test program is highly advisable, if not
essential. Such a program affords the opportunity for the contractor to demonstrate that the
specified performance criteria, tolerances, and engineering properties can be met, even if two or
more iterations have to be made. Once these criteria have been achieved, then the production
parameters can be selected logically and only modified if there are obvious changes in the
production area ground, or project scope. These parameters can be as straightforward as
water/cement ratio and cement factor. It is also essential to explore the differences between data

obtained from laboratory-generated samples and those obtained under actual field conditions.

Such pre-production test programs require the scope of the testing and the acceptance criteria for
every aspect to be clearly defined. Testing and sampling is usually more rigorous than in the
subsequent production phase. Test programs should also be a demonstration of the efficiency of the

quality assurance/quality control and verification processes themselves.

During production, it is normal to find the intensity of material sampling and testing markedly
reduced from that of the pre-production phase, and a proportionally larger emphasis placed on
construction parameter records as the prime level of comfort of acceptable in situ performance.
This is then backed up by post-construction verification testing of the treated soil, for example by

coring or any one of a number of geophysical tests.

This chapter focuses on the different levels of process quality control exercised by the contractors
and on the various methods used to verify the properties of treated soil. Subsequent chapters
illustrate the mass of experimental data available on the properties of treated ground. Reinforced by
such data, performance prediction models can be established and optimized. Typical of the

systematic approach adopted in Japanese practice is the work of Saitoh et al. (1996), colleagues in
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the Takenaka group of companies. Figure 13 is a standard conceptual flow chart for determining
and achieving target strengths, while Figure 14 summarizes the planning of a test program based on
lab testing of soil from the target area. This permits key parameters to be selected for field use, with
7-day testing allowing a 28-day result to be projected (and changes made, if necessary), and 28-day

core testing of in situ material providing confirmation of performance.

Before mobilizing the DMM equipment to the site, the contractor must have a sense of both the
requirements for the project and the behavior of the soils when mixed with the binder. Although
there is a major difference in the mixing processes used in the laboratory and in the field, the initial

judgments for actual in situ mixing will be guided by the preliminary laboratory study.

With this index of soil treatment properties that can be obtained in a well-planned laboratory study,
and experience with similar soils and knowledge of the operation and mixing efficiency of the
equipment, the contractor can proceed to design the mixing operation. In bidding the project, the

contractor will be aware of the degree of verification required by the contract documents.

As an elegant summary of the various elements of a Quality Control and Verification Program,
Takenaka (1995) provided the brochure page shown in Figure 15. In their terminology, the

successive steps shown in this figure are

Pre Investigation — “confirmation of soil profile and soil constant.”
Indoor Mix Test — laboratory testing.

Test Application — field test of treated soil.

Application Control — determination of production parameters.

Application Procedure — recording of production parameters.

AN G

Post Investigation — verification of treated soil.
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- — Evaluate the soil properties for each soil 1
Given conditions %nd soﬂ3 proffle,w?tbpgxgsgfr.goﬁatacob%ginedayer
,AAfrom so1l 1nvestigation

Analysis

Existing data on engineering - etermine maximum stress of improved ground J
properties of 1mproved ground i\

Determine required strength for improve d
E and target s%rength for lab improvgd Soglgroun

F Mix proportion test
L \IDecide cement type and dosage for test constructionl
Test construgtion and inves- e

tigation of improved ground \Selact_ceme t type, dosage and construction
s conditions for main construction

Main construction and inves- " |Confirm the attai i
‘Flgat?on of ?mproved ground %gmproved ggogmtiamment of required strength of

Figure 13. Flow chart of work involved to determine and achieve required strength of improved
ground (Saitoh et al, 1996).

Constructing a plan for mix proportion test

{ 1 [Hix proportion test plan ) |
[2 [soil sampling - B
ﬁ | Investigation of soil ;I;om cach sampling tube |
[ 4 |soil grouping 5 |
[5 [ Removal of shells and g\Vravel from grouped soil J
[-6—[ Investigation of groupe\g soil J
[7 [Preliminary test 5 |
ﬁ [ confirmation or change\lt/)f mix proportion test plan |
[ 9 |Making of specimen s |
[10 [curing of specimen ” j
m] Unconfined compression\:est of specimen ]
{_IZ_ISumary of test result:/ and conclusion J

Figure 14. Actual work flow for mix proportion test (Saitoh et al., 1996).
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3.2 Process Contro!

3.2.1 Background

During the formation of DMM elements, the key mechanical and other data can be transmitted to
the DMM rig operator, and/or the binder plant operator, in real time, so that they can monitor
consistency of performance, and if necessary make changes in response to binder and/or soil
characteristics. Conversely, certain DMM techniques involve such rapid penetration rates that the
desired binder injection parameters, especially rate of slurry injection, can only be controlled by the
use of a computer management system. Computerized systems also provide a historical record of
the operation, which constitutes for both the contractor and the client an accurate basis for payment,
as well as confirmation that the process design parameters have in fact been observed during

construction.

When regarding the different levels of parameter recording, it should be recalled that the
requirements placed on the contractor for quality control may vary greatly. Thus, for example,
strength targets are not usually set for mixed soil in Scandinavia and so the contractor is responsible
only for ensuring the quality and the amount of the binder (Halkola, 1999) whereas the owner
dictates the rates of rotation (e.g., 150 to 200 rpm) and withdrawal (e.g., 10 to 25 mm/rev) and the
cement factor (actual within 10% of design). In Japan and North America, it is common to find
performance goals set for the contractor in terms of strength and/or permeability and so different

levels of recording and reporting are often required.

322 Levels of Process Control

Table 3 summarizes published information from the various DMM techniques listed in Table 1. It
is possible to determine three broad levels of process control, based on the degree of sophistication:
Level 1: Batching and injection parameters for the slurry (or dry binder) are monitored by simple

instrumentation and are displayed on digital or analog gauges for field personnel to view. Spot
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checks are made manually on slurry fluid properties, e. g., density (by Baroid Mud Balance), fluidity
(by Marsh Cone), and so on. Walker (1994) provided a case history example where an intensive

program of materials testing was conducted (Table 4), providing the range of data shown in Table 5.

Data on shaft penetration and withdrawal rates are displayed in the drill rig cabin. Typically, the
operator is in telephonic contact with the batch plant, and/or the batch plant data may be
electronically relayed to the cabin. The operator determines if changes are to be made to drilling and

injection parameters based on these inputs and upon general progress observations.

Typical examples of this level of process control would appear to be Methods 8 and 15 as they are

currently configured.

Level 2: Batching and injection parameters are largely controlled by computer, having been preset
to provide the design volume ratio and cement factor, which is closely related to shaft penetration
rate. In turn, these data are automatically recorded and displayed, with visual confirmation to the
rig operator that they are within the pre-selected parametric range. If not, manual corrections may
have to be made. Full electronic records are made for each column of all salient drilling and
injection parameters although operators typically maintain manual logs as well. Spot checks are

made of fluid slurry properties.

As illustration, Yano et al. (1996) described details of the “centralized control system of

CDM Method,” where a computer system is employed in order to guarantee high quality production
of columns, and also to control all stages from execution to daily report generation. This
centralized control system is composed of a sensor section and an execution management section.
The sensor section includes sensor detectors for depth, penetration and withdrawal velocity, volume
of slurry discharge, shaft rotation speed, and shaft rotation motor current, while the execution
management section consists of processing, monitoring, and recording devices. During execution,
the centralized control system checks that the real time data measured each second satisfy the
quality standard values registered in advance for each depth and that acceptable quality columns are

produced. “If the standard values are not satisfied, an alarm is
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Table 5. Wall permeability and strength results (Walker, 1994).

SAMPLE NO. | SAMPLE DEPTH Y . PERMEABILITY UNCONFINED
(m) (t/m) (cm/sec) COMPRESS1VE
STRENGTH (KN/»?)
D1 2.1 1.41 9.31 X 107 73 (7 day)
D2 2.1 1.22 1.63 x 10°* 229 (7days)
D3 2.1 1.30 1.29 x 10°% 124 (7 days)
D4 4.6 1.39 8.48 x 107 136 (7 days)
334 (36 days)
D5 2.1 1.26 3.48 x 10°* 170 (7 days)
3.09 x 10* (Duplicate) 423 (35 days)
D6 5.2 1.47 1.63 x 10* 157 (7 days)
9.89 x 107 (Duplicate) 354 (34 days)
D7 5.2 1.43 1.82 x 10* 114 (7 days)
294 (33 days)
D8 2.7 1.40 1.12 x 107 170 (9 days)
DS 1.5 1.03 5.28 x 107 210 (7 days)
D10 1.5 1.51 5.4 x 10* 194 (7 days)
D11 1.8 1.40 1.1 x 107 226 (7 days)
D12 1.8 1.55 1.05 x 107 38 (14 days)
28 (28 days)
D13 1.8 1.44 1.07 x 107 75 (7 days)
113 (28 days)
D14 1.5 1.51 1.83 x 107 332 (7 days)
D15 1.5 1.42 8.96 x 10* 264 {7 days)
D16 3.7 1.73 1.48 x 107 85 (7 days)
127 (28 days)
D17 3.7 1.50 5.32 x 107 170 (7 days)
233 (28 days)
D18 5.5 1.63 1.27 x 10* 122 (7 days)
189 (28 days)
D19 3.7 1.49 3.7 x 107 43 (7 days)
65 (28 days)
D20 3.7 1.48 1.36 x 10* 69 (7 days)
D21 3.1 1.48 2.04 x 10* 157 (7 days)
D22 2.4 1.59 2.01 x 10 360 (7 daye)
D23 1.8 1.31 1.35 x 107 332 (7 days)
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issued.” After completion of the work, the records from each column can be printed out in tabular
form, comparing them with the quality standard values. At the end of each working day, the system
can also print out a daily report and production total report that include the numbers of columns,
their length, and the amount of cement used. “This centralized control system thus helps produce

high quality piles, simplifies the work of preparing various reports and saves time and labor.”

Yano et al. further report that when CDM was first commercially used in 1975, quality control was
performed by using a four pen recorder (depth, rpm, and the amount of slurry pumped through each
of the two mixing shafts). In 1987, a six-pen recorder was introduced, to record in addition, the
penetration and withdrawal velocities and the electric current drawn by the rotary head. In 1989,
control systems were computerized, enabling all data to be monitored during construction and daily
work reports to be produced. This basic approach is still used to confirm the two key quality

control items, namely:

e That the amount of slurry pumped is uniform in relation to the volume of soil penetrated, and in
accordance with the specifications.
e That the rpm and penetration/withdrawal velocities are sufficient to blend the soil at a

“minimum of 350 blade cuttings/meter.”

All the data are transferred to the execution management unit, every second, and are totaled as an
integrated value per 1 m of depth for comparison with previously input standard values. The
operators can therefore easily and quickly adjust the penetration/withdrawal speeds and rate of

slurry injection, if necessary. The system also informs the operator when target depth is reached.

The authors listed this control method as having been used on 44 projects (988,797 m’ treated soil)
in 1993 and 61 projects (1,371,348 m?) in 1994. Typical examples would appear to be Methods 1, 2,
3,4,6,7,9,21,22, and 24, as they are currently configured.

Automatic verticality control over the drill shaft(s) is common at this level and above (e.g., Methods
2, 20, and 23) and, for example, Markteknik (1999) describes the use of a special “direction

indication device.” In certain cases (e.g., Walker, 1994) such control may be required on certain
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Level 1 projects. Verticality and alignment were achieved by two controls: a laser provided a line
onto a target on the shaft, for horizontal alignment, while verticality was monitored by two
measurements made on the mast (for pitch and roll). Two servo accelerometers mounted on the

leads continuously displayed the angle to a display in the operator’s cab.

Level 3: The highest level of computer control and display is provided. Method 20 (GeolJ et)
features a microprocessor that senses, every 6 seconds, rpm, penetration rate, torque, thrust, slurry
density, pressure, and rate. The computer reacts to changing ground conditions and automatically
adjusts injection parameters to maintain specific treated soil parameters for each stratum. Rotation
is stopped automatically if these projected treated soil parameters are unlikely to meet preset limits.
The drill operator has a touch screen control system. Level 3 is also characterized by full,

continuous records of each column installed.

Tateyama et al. (1996) described how fuzzy logic was used in the process of evaluating real time
construction data in order to rationalize construction using the DJM system and to automatically
control the mixing rig. In detail, the SPT values of the ground were continuously evaluated based
on data on rig torque, penetration resistance on the mixing blades, and the penetration speed of the
blades (Figure 16). Predicted and actual SPT values (Figures 17 and 18) showed good

correspondence. Using this method, the authors claimed that:
* The depth of penetration can be logically selected.
* The amount of binder (i.e., cement factor) can be varied depending on the variations in the soil.

* The operating parameters of the drilling rig can be optimized.

Level 2 process control concepts are illustrated for Methods 1,3, 6,22, and 23 in Figures 19

through 24, respectively. Typical production records for Level 2 controls are shown in
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Figure 16. An example of construction data obtained using fuzzy logic
(Tateyama et al., 1996).
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Figure 17. An example of a comparison between predicted and measured values of SPT
(Tateyama et al., 1996).
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Figure 18. A comparison of predicted and measured values of SPT N
(Tateyama et al., 1996).
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Figure 19. Schematic of DSM batch plant (Bahner and Naguib, 1998).
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Figure 21. CDM computer control and management systems (Yano et al., 1996).
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Figure 22. Example of process control for DECOM system (2- to 8-auger marine CDM variant)
(Toa Corp., undated, possibly late 1980s).
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Line-Up of DJM System

Alr Compressor

.

Swivel joint

Controt Generator
House g -

Control Rotating Shaft
»/
Mixing Blade
&)/%;/J
Reagent Trugk Resgent Silo \\\ \\' Reagent Feeder
Working Procedure
Positioning Penetration Completion of Withdrawing Completion of
penetration {Feeding Reagent) withdrawing

&% T T T e

Soil-Cement
Column

Figure 23. Level 2 process control for DJM systems (DJM Brochure, 199‘4). 4
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Quality Control
A computer in the cab of the Stabilator LC machine gives the
operator precise control of the injection process. The computer

also maintains complete records of:
¢ The quantity of material injected into each column.
* The rate of injection.
* Speed of tool rotation and rise.
The records can be displayed or printed out for real-time inspection

and for quality assurance records.
The Stabilator machine mixes the lime and cement in a closed
system, eliminating the risk of dust leakage during the installation

process.
Under ISO 9000, the Stabilator Lime and Cement Column process

has been certified as incorporating QA/QC procedures to assure

quality of work.

Figure 24. Quality control processes for lime cement columns (Stabilator, 1996).
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Figure 25 (Drilling), and Figures 26 through 28. Level 3 data from Method 20 are shown in
Figures 29 through 31.

One example of a commercially available drilling instrumentation package is the one provided by
Jean Lutz, of France, and in fact many of the drill parameter recorders, such as Enpasol, used in
certain DMM techniques are directly related to the original Lutz developments. Figure 32 shows
the system used, the parameters measured, and typical display and printer units. The LT3 unit
digitally records the parameters on a high performance memory card without connectors. Data are
then downloaded onto a PC by a specific software program. A graphical real time display can be

provided through a choice of printers.

Another example of an automatic recording system is that provided by Pile Dynamics, Inc., which
is basically an instrument developed for the control of auger cast piling. Information is provided in

Figure 33.

Regarding future developments, Yano et al. (1996) reviewed innovative trends in computer

controlled CDM work and summarized these as follows:

“The central control system permits high quality uniform pile placement and simplifies daily report
preparation and other administrative tasks. The following studies and development activities are
now underway order to make the control systems easier to use and deliver even better quality

control.

1. Automatic Control of Slurry Discharge. The system will automatically control the amount

of slurry discharged by controlling the rotation of the inverter motor on the slurry pump
based on comparisons of the actual measured amount with the design values. For every 25
to 50 centimeters of depth, the set values sent to the pump will be recomputed from the
integrated data and controlled so that the design values for every meter of depth are
satisfied. The pump discharge volume will also be adjusted in stages in response to changes

in the penetration and withdrawal velocity.
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Figure 26. Oscillograph showing RAS construction variables (Isobe et al., 1996).
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UBJEKT: 963 DALHEMSY. HUDDINGE Maskin: 889
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Figure 28. Output graph according to LC-REGREP (recording system of
Markteknik’s Lime Cement Column method), 1999.
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AA-1 Started: Tue Mar 11 08:30-02 1997

Time Depth RotaryFlow RotaryPres CrowdPres Slurry Density SlurryFlow  SlurryPres

(min) () (gpm) (psi) (psi) (Ppg) (gpm) (psi)
0.1 0.2 135 1222 2041 12.24 48 179
0.2 1.2 135 1211 2021 121 47 211
0.3 2.1 134 1354 2029 121 47 230
0.4 2.7 134 1427 2047 12.19 47 62
0.5 3.7 133 1445 2075 13.45 51 388
0.6 4.5 129 1112 2102 13.95 159 1939
0.7 53 129 1339 2049 13.77 156 2045
0.8 6.3 128 1350 2098 13.2 157 1869
0.9 7.2 128 1233 2002 13.13 160 2258
1 8 129 1279 2074 131 160 2005
1.1 9 127 1286 2045 13.09 159 2092
1.2 9.7 127 1522 2076 13.01 160 1965
1.3 10.7 128 1387 2056 12.98 160 2113
1.4 114 128 1396 2078 13.12 159 1736
1.5 12.4 128 1326 2099 13.19 159 2145
16 13.2 128 1431 2094 13.31 160 2240
1.7 14.2 128 1255 2118 13.43 158 2130
1.8 151 128 1295 2126 13.65 158 2009
1.9 15.9 129 1240 2120 13.79 158 2005
2 16.9 128 1235 2112 13.76 158 1834
2.1 17.4 128 1348 2109 13.79 158 1700
2.2 18.4 127 1456 2093 13.77 158 1947
2.3 19.3 127 1476 2091 13.71 156 1889
24 20 128 1442 2082 13.7 157 2249
25 209 128 1326 2064 13.56 157 2162
26 222 127 1191 2100 13.53 157 2229
2.7 22.3 129 1189 2094 13.48 156 2043
2.8 23 128 1357 2121 13.33 155 2183
2.9 241 127 1464 2135 12.73 155 2174
3 249 128 1370 2120 12.49 155 2170

Figure 29. Verification documentation for GeoJet (Condon Johnson Associates, 1998).
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Inputs Column

Augar diameter (in)

Diameter of jets pilot (in)
Num of jets on pilot

Diameter of jets main processor (in)
Num of jets on main prosessor

Diameter of jets gel breaker (in)
Num of jets on gel breaker

Slurry Spec.

Slurry injection pressure (psi}
Slurry density (ppg)
Dry cement solids per soil vol (%)

Inputs-Feed

Number of cutter faces
Tool rotation (rpm)

Job Info.

Hole depth (ft)

Retract rate (fpm)

Avg. set-up time on next hole (min}
) Shift tength (min)

CJA GEO-JET Production

36

0.125

0.14

0.125

3000
12.00
30%

80

15
360

Calculated Column

Tooling Performance

Treatment volume per lineal ft. (cf)

Pilot Performance

Pilot unit jet flow (gpm)

Pilot total jet flow (gpm)

Cement solids (ppg)

Triplex power required for pilot (hP)

Main Processor Performance

Main processor unit jet flow (gpm)

Main processor total jet flow (gpm)

Cement solids (ppg)

Triplex power required for main processor (hP)

Gel Breaker Performance

Gel breaker unit jet flow (gpm)

Gel breaker total jet flow (gpm)

Cement solids (ppg)

Triplex power required for gel breaker (hP)

Tool Totals

Total siurry flow (gpm)
Total triplex power required (hP)
Triplex output (% of max rpm)

Total engine power required (hP)

Feed Rate

Required wt. cement solids per. ft. (ppf)
Required volulme slurry per ft. (gpf)
Total slurry req. for hole (gal)

Feed Rate (fpm)

Calculated Feed

Chip thickness {in/rev/face)

Drilling time per hole (min)
Total retract time (min)
Total cycle time (min)

Total pay length per rig shift (if)
Total columns per rig shift

Quantities

Pounds cement per hole
Sacks per hole

Sacks per rig shift

Tons per rig shift

7.07

16.80
50.40

88.21

21,07
4215

5.36
73.77

16.80
100.80
5.36
176.43

193.34
338.41
0.83

389.17

0.34

15.38
16.00
46.38

620.9
7.8

15,947
169.6
1,317

61.9

Figure 30. Production documentation for Geolet (Condon Johnson Associates, 1998).
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® LTISMX
Prof  (2) Profondeur
VA Vitesse d'avancement
XY (@ lInclinaison
CR,VR (@ Couple et
vitesse de rotation
PC Pression du coulis
DC, Ve Débit, Volume du coulis
Boitier de connexion
Mémoire numérique

®
®
@ LT3/SMX
@
®
®

Prof Depth and
VA Penetration rate
XY Inclination
CR, VR Torque and
rotation speed
PC Grout pressure
DC, Ve Grout flow and volume

Junction box

®
® Memory card
®

LT3/SMX

Prof (2 Tiefe und

VA Bohrfortschritt

XY (@ Neigungsmesser

CR, VR (® Drehmoment und
Umdrehungsge-
schwindigkeit

PC Suspensionsdruck

DC, V¢ SuspensionsdurchfluB-
und-Volumen

(® Verbindunsgehiuse
(® Speicherkarte

D+ 0.2° o AY § -03
PH % 190 bar . Vg :0.140 m3
Ts i:16.78ec 'Vt :1.013 ?3

Prof. 5.50'm Mes

WX 4 0.2° WY 0.8
1190 bar: Zm':0.140 m3

v—

XA : 402°  YA: -03

HP. i-190 bar = Vg~: 0.140.m3 s Hd
St 167 see 0Vt 11.013m3 : i .8z 7167 sec GV 1 1013 m3 g
Tiefe. 550 m Mes T P

Depth 550 m Mea

Gy

Figure 32. Details of parameter recording and display for Jean Lutz equipment
(Jean Lutz, 1998).
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Pile Installation Recorder - PIR-A

For Improved Quality Assurance of Augercast Piles

¢ Reduces construction time and cost by objectively monitoring
pile installation.

¢ Adapts to any type of rig configura-
tion (swinging or fixed leads).

€ Magnelic flow meter assures accu-
racy of grout volume measurement. ‘

¢ Provides the rig operator with installa-
tion guidance by displaying accurate
grout volume pumped versus depth
information.

¢ Allows immediate correction while
shaft is still fluid.

¢ Reduces risk and improves confidence in
Augercast piles.

¢ Designed with an affordable price; system
pays for itself in a very short time.

@ Precise measurements of time, volume, pressure, and depth to optimize the grout volume required.

¢ Simplicity and ease-of-use assures success.
@ Results in one page standard summary sheet for each pile.
¢ Summary of all piles for productivity analysis.

W

There is a growing need for improved quality assurance in deep foundation installations due to
increased design loads. For Augercast piles, increased loads raise the risk due to cross section uncer-
tainties. Augercast pile quality is very dependent on the skill of the crew. If the auger is withdrawn too
rapidly, the concrete volume is reduced and the shaft’s structural strength may be insufficient. In many
cases, hlgher grout ratios are required or high safety factors are assigned to reduce this risk, increasing

S Augercast pile costs. Accurately and thoroughly
monitoring every pile during installation improves
the Augercast pile uniformity and allows the engi-
neer to specify Augercast piles with greater confi-
dence. Augercast piles become cost effective and
are accepted in more project sites.

The PIR-A is simple to use. After entering a pile
name or number, the piling rig operator presses a
single key. Operation and data collection are auto-
matic. Since the volume pumped is graphically
displayed and referenced to the minimum accept-
able volume per unit depth, the operator with-
draws the auger at a rate that assures quality while
optimizing efficiency and economy. This increases
profits. If the grout volume is low, corrective
action can be taken immediately while the grout is
stifl fluid. Anomalous piles are virtually eliminated.
Results may be printed in the rig cabin or the
office, in detail or as a summary for each pile.

Figure 33. Details of parameter recording and display for Pile Dynamics equipment
(Pile Dynamics, Inc., 1999).
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The most serious problem to be resolved in developing this automatic slurry pump
control system is to find a way to control the pump’s own time lag between the time the
discharge amount instruction is sent to the slurry pump and the time the pump actually

begins to deliver the required amount.

Automatic Confirmation of Bearing Layer. The system will automatically confirm the

bearing layer by judging the arrival at the bedrock based on electric current measured as
the load on the auger and the penetration and withdrawal speed. Data are now being
analyzed to determine what type of operation expression should be incorporated to

evaluate the current.

Execution Management of the Machine’s Operation. With the existing centralized

control system, a single operator controls and monitors the execution management unit
and the flow volume, but if the amount of slurry discharged can be automatically
controlled, this person will no longer be needed, and the execution equipment can be
managed from a central operator room for the deep mixing machine. However, this
means that the execution equipment operator will have to spend more time operating the
control equipment. To minimize the workload on the operators, studies are now in
progress to develop easy-to-use system based on the operator’s sense of sight and hearing
by using one-touch panels, voice synthesizers and so on. Centralized control systems

will thus be far easier to operate than those in use today.

Pile Track Measurements. To ensure that the strength of the overall improved soil

satisfies the design values, the work must be executed in accordance with the pile
arrangement and lap width stipulated by the design. To achieve this, it is necessary to
confirm the manner in which the piles have been formed under the ground. This requires
a technique of monitoring and controlling the track of the mixing bit underground to be
developed. (Authors’ note: it may be assumed that this topic relates to column verticality

and straightness.)

81



These technique problems will be resolved and even more accurate execution work will then be

possible.”

33 Verification Methods for Treated Ground

The properties of treated ground are predicted and/or verified by the following basic groups of tests:

e Laboratory testing of laboratory samples (before construction).

o Wet grab sampling of fluid in situ material (during construction).

e Coring of hardened in situ material (after construction).

e Excavation and exposure, allowing cutting of block samples, if required (after construction).
e Miscellaneous, including geophysical testing (during and after construction).

e Various penetrometer and cone tests as developed specially for Lime Cement Columns in

Scandinavia.

It is reiterated that these properties are influenced in detail by many interactive factors, including
soil type, amount and type of binder, water/cement ratio, degree of mixing, curing conditions,
environment, and age, although the soil characteristics themselves seem to be the most sensitive

determinant of variations in strength.

Table 3 also shows the types of tests that various DMM contractors have reported as being used on

their projects.

3.3.1 Laboratory Testing

Such testing is conducted to confirm basic mix design assumptions and to demonstrate the effect
and impact of the various materials involved (both artificial and natural). Laboratory testing is also
clearly useful in establishing baseline parameters, and for investigating in a controlled fashion the
nature of the relationships between the various treated soil parameters (e.g., unconfined
compressive strength (U.C.S.) and E; U.C.S. and tensile strength; rate of gain of strength, etc.), and

the construction variables (Table 6). With respect to temperature, this is related to the size of the
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_treated soil mass, as well as the quantity of binder introduced. In laboratory testing, there is no way
to reliably vary and simulate factors III and IV from Table 6, except for the amount of binder and
the curing time. Laboratory testing therefore standardizes these factors, with the result that the
strength data obtained during such tests are “not a precise prediction” but only an “index” of the
actual strength. Likely field strengths can then be estimated by using empirical relationships from

previous projects, and by exercising engineering judgment.

Kamon (1996) summarized that U.C.S. data from field samples (qur) are 20 to 50% those prepared
in the laboratory (Figure 34). These data were determined from land projects whereas on the
frequently massive marine CDM projects, larger values of qur than gy are often obtained due to the

in situ “adiabatic temperature rise.”

Kawasaki et al. (1996), when investigating work done with the SWING method (Method 17),

concluded that laboratory strengths typically averaged two times the field core strengths.

Taki and Bell (1998) also found a reduction in apparent strengths from laboratory to field, with a

wider data scatter in the field data (Figure 35), based on cores of treated soil.

3.3.2 Wet Grab Sampling

The concept simply is to obtain samples from the treated ground before the mix reaches such a
strength that a sampler cannot be introduced easily or without causing significant sample
disturbance. Such samples are then used to make cubes or cylinders for later laboratory testing.
Wet grab sampling may have a number of systematic and logistical problems. For example, the
sampling device must be able to reach a prescribed depth, take a representative sample from that
depth, and allow it to be retrieved without contamination. This places great emphasis on the
efficiency of the sampling tool and how expedient it is to introduce and withdraw. If the deep

mixing efficiency has not been high, the presence of unmixed native

83



Table 6. Factors affecting the strength increase of treated soil (Terashi, 1997)

k.

Characteristics of Type of hardening agent
I hardening agent 2. Quality
£ag 3. Mixing water and additives

1. Physical chemical and

Characteristics and . . . .
mineralogical properties of soil

conditions of soil

II . . 2. Organic content
(especially important P
for clays) 3. pH of pore water
4. Water content
1. Degree of mixing
I Mixing conditions 2. Timing of mixing/re-mixing
3. Quality of hardening agent
1. Temperature
2. Curing time
vV Curing conditions 3. Humidity
4. Wetting and drying/freezing and
thawing, etc.
25
20}
S1s

(4]

0615 20 25 30 35
u (kPa) x102

Figure 34. Field strength, qus, vs. laboratory strength, g, (Kamon, 1996).
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Figure 35. Relationship of U.C.S., cement factor, and soil type (data developed with water/cement
ratio of 0.6 to 1.2 and a volume ratio of 23 to 75%)
(Taki and Bell, 1998, after Hibino, 1989).

material may prevent the sampler from functioning correctly, and/or from obtaining a wet sample
whose composition is truly representative of the overall mixed volume. In this regard, it is typical

to screen samples, reflecting the design requirements, and screens with 6- to 12-mm aperture are

common.

A good illustration of the usefulness of wet grab samples was provided by Bahner and Naguib
(1998). On their DSM project in Milwaukee, WI, wet, remolded samples were obtained for
permeability (greater than 14 days’ cure) and strength (3, 7, 14, and 28 days’ cure) testing.
Samples were taken with the tool illustrated in Figure 36 consisting of a steel tube suspending a
sample bucket at its tip. The bucket was hydrautically opened and closed. The steel tube was

suspended on an excavator. After retrieval, the samples were placed in air-tight containers and

wrapped in wet paper towels until testing.
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Figure 36. DMM wall sampling tool (Bahner and Naguib, 1998).

3.3.3 Coring

Given that coring is an energetic, local, and invasive technique, even when conducted with the best
equipment, skill, and methods (the triple tube core barrel is generally recommended), it is notable
that most of the 24 DMM techniques used outside of Scandinavia cite core samples as their prime
source of data on treated ground properties in general, and U.C.S. in particular (Table 3), reflecting

their largely Japanese origin.

Druss (1998) noted several key elements that promote good and representative core sampling.

These include using experienced drillers and logging engineers; taking large diameter cores (greater
than 76 mm in diameter); using triple tube methods with very coarse diamond bits to minimize
sample washout, and appropriate drilling flush (or mud); and ensuring that the inside surface of the
sample tube is lubricated. Lambrechts (1999) observed that the use of wireline core drilling
methods improved the quality of core recovery through treated soil of widely varying strength and
composition on the Central Artery/Tunnel Project in Boston. The wireline device uses the drill
casing to spin and advance the core barrel. Therefore, the “wobble” normally experienced at the top

of the core barrel where it is connected to the drill rod string is eliminated. Druss (1998) also
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prescribed standard methods followed for handling and testing specimens made from wet samples
and core samples (Table 7), these procedure having been developed on the Boston Central Artery

project.

A useful perspective was provided by Taki and Bell (1998), who wrote (in relation to the SCC
method (Method 8)), “Quality control (QC) is required during the installation of soil-cement
pile/column to achieve the desired uniformity of the soil-cement mixture and to obtain the design
strength. Quality assurance (QA) is obtained from the installation records and from the results of
strength tests on representative specimens of the soil-cement. The first step of QC is to develop the
mix design. This is usually accomplished by first preparing and testing soil-cement mixtures in the
laboratory and then confirming results with a pilot drilling/mixing test program at the project site.
The laboratory program should not be expected to produce the same mixing conditions or strength
results as the field program. We recommend the emphasis be put on the pilot test in the field. Core
drilling is often used to obtain test specimens for quality assurance. Piles to be cored can be
randomly selected, but additional core drilling and testing should be performed when questionable
soil conditions or mix conditions are observed during installation. Core samples should not be
taken exclusively from the middle of the pile but rather throughout the cross section, as shown in
Figure 37. Uniformity is dependent upon the degree of mixing and is best with an absence of clods
(i.e., unmixed soil masses). Uniformity is evaluated from the core samples by measurement of the
amount of soil-clods in Figure 38 (and they recommend less than 5 to 10%). The depths of core
samples for strength testing should be measured from the top of the pile and should include
intervals containing the weakest soil layers. The top of the pile is often the most severely loaded
and therefore should usually be included in the testing program. Core samples should be visually
examined for continuity and uniformity of the soil-cement mixture, and for strength. Continuity is
defined as the percentage of continuous unbroken, full diameter core. Continuity of the core should
be more than 95% in sandy soil and more than 90% in cohesive soil. Table 8 is QC/QA testing
items for soil-cement pile work in the field.” (Figure and table numbers in this quote were changed

to conform to numbering in this document.)

There is healthy debate as to the relationship of unconfined compressive strengths measured from

cores and those cast from wet grab samples. It is perceived in some quarters that core
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Table 7. Bechtel/Parsons Brinckerhoff Standard Test Method for
Coring, Sampling, and Testing of Soil-Cement

SCOPE

This test method determines the compressive strength of cylindrical soil-cement specimens
such as molded cylinders and is limited to soil-cement mixtures placed by mechanical

auguring (DSM) or jet grouting (JG).
APPARATUS

Pan with removable quartering divider

Small steel sample pan

Calibrated sieving screen

Scoop

Digital Scale

Waxed cardboard cylinder molds (3"x 6")

Rubber mallet

Strike-off bar

Plastic cylinder bags, rubber bands, and identification tags
Sulfur capping compound and apparatus

Compression testing machine conforming to AASHTO T22

SAMPLING AND PREPARATION OF TEST SPECIMENS (DSM AND JG)

1. Obtain from contractor a wet-grab or hydraulic displacement sample from selected

depth(s)

Transport sample from the field to the Drilling lab

Pour material over 2" sieving screen into sample pan

Push retained semi-solid material through screen into sample pan

Distribute clay and semi-solid particles evenly into pan.

Use one quarter of material per cylinder

Fill waxed cardboard mold in 3 layers; vigorously tap sides of mold with rubber mallet

10 to 15 times to remove entrapped air after adding material for each layer

8.  Finish top of cylinder with strike-off bar

9. Assign an identification number to each cylinder

10.  When required, weigh each prepared cylinder

1. Calculate unit weight of soil-cement based on average cylinder weight and volume of
cylinder mold

12. Place plastic bag over top of cylinder molds and secure with rubber band and tag

13. Place specimen in cure-room; leave on level cart over-night, cut top of bag off,
and move to numbered stationary shelf on following day

14.  Maintain cure-room temperature at 100°F and 95% humidity

Nownhkwn
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Figure 37. Coring locations (Taki and Bell, 1998).
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Figure 38. Evaluation of uniformity (Taki and Bell, 1998).

Table 8. QC/QA testing items for soil-cement pile columns (Taki and Bell, 1998).

Subject Test Items Instrument Frequency
Usage of cement Total weight Delivery record Daily
Cement grout Specific gravity Mud balance Each batch
Injection of grout Volume Flow meter Each pile
QC Drilling speed Record Each pile
Mix condition Rotation speed Record Each pile
Wet sampling Trap door 1 to 2 times/day
Pile length Shaft length Drill stem Each pile
Pile diameter Tool diameter Daily
Continuity Core drilling Visual Random sampling
QA | Uniformity Core drilling Visual Random sampling
Strength Core drilling UCC test Random sampling
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samples will provide lower strengths given the potential mechanical damage caused to the core
during drilling and extraction. (However, it is typical to select only the “better” core samples for
testing and this will automatically provide higher apparent data). This argument is refuted by Taki
and Yang (1991), who produced data (Figure 39) from various soil types that show that the core
strengths were about twice those obtained by samples made from wet grabs. Their view is
supported by Burke (1997), who found that on a DMM project in soft clays the core samples always
gave higher strengths than wet grab samples, while those data were only 50% of laboratory
strengths but with a wider variation. Although pre- and post-construction CPTs claimed to be
possible for in situ strengths less than 7 MPa, if in situ strength is expected to average more than
3.5 MPa, Burke considers coring feasible (minimum diameter 76 mm). Recovery rates can vary
from 25 to 100% depending on mixing parameters and soil strengths. Burke found that, with his
particular WRE technique (Method 15), the grout:treated soil strength ratio was about 4. Jasperse
(1989) provided data (Figure 40), which also indicated that, in general, core strengths at 45 to 59

days were equal to or stronger than wet grab samples tested at 56 days.

Mizutani et al. (1996) found that core strengths were only 60 to 75% those of laboratory mixed
samples. They estimated that 60 to 80% of the laboratory strength can be achieved in the field with
“fairly good” quality control. Typical field DMM coefficient of variation is 20 to 40%.

Taki and Bell (1998) published data on their WRE method (Method 8) illustrating the relationship
of U.C.S., cement factor, and soil type (Figure 35), which highlighted also the difference in value
and quality between laboratory and core data, which, as discussed above, appears in contradiction to
Taki’s earlier work (Figure 39) based on a WRS method (Method 2).

Isobe et al. (1996) conducted several field tests using a WRE method (Method 10) in sands and silts
at Kunishima, Japan. Cores were taken at various positions across the face of differently sized
columns (Figures 41 and 42) and data were also provided of the relationship (Figure 43) between
U.C.S. and the “boring parameter” — a measure of drilling energy requirement as recorded by the
Enpasol equipment. The authors found that strengths were higher in centrally cored samples, but

decreased by up to 50% toward the perimeters of the DMM columns.
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UNCONFINED COMPRESSIVE STRENGTH

1000

59 pays

45 mys
5 mvs

52 pAYs
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\ | 52 -

WET SAMPLE
(56 pavs)

Figure 40. Wet sample strength vs. core sample strength
(Jackson Lake Dam, WY (Jasperse, 1989).
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Strength of Sampling core (MPa)
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Figure 41. Strength of sampling core from the three columns of ¥4 diameter from center
(Isobe et al., 1996).
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Figure 42. Strength of core samples from 3 different positions with the column
(2,000 mm)(Isobe et al., 1996).
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Figure 43. Relationship between q, and Enpasol parameter (Isobe et al., 1996).

Okumura (1996) stated that, for major Japanese DMM projects, it is typical to core one hole per

every 10,000 m® of treated soil (marine projects) and 1 per 3,000 m* (land projects).

Regarding future developments, Sugawara et al. (1996) presented a most interesting paper on their
attempts to produce an improved core sampler. Given the lack of homogeneity of treated ground,
their drilling current methods and equipment (Figure 44) usually provided disturbed samples
(Figure 45) resulting from a variety of mechanical problems. The goals in developing their new

sampler shown in Figure 46 were:

e To prevent vibrations.
¢ To prevent rotation of core in the inner barrel.
e To reduce stress relief near the bit.

o To reduce friction on the core.
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Figure 44. Features of a current core sampler with pre-cutting shoe, standardized by Japanese
Society of SMFE (Sugawara et al., 1996).

7 bending of rod

twisting of
sampler head

co-rotation of inner
barrel with outer tube

swelling and shaking
due to stress relief

Figure 45. Problems of the current core sampling method with a single rod
(Sugawara et al., 1996).
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Figure 46. Features of a new core sampler: planet gear and core pressure piston (the core retaining
part with sleeve is omitted in this figure) (Sugawara et al., 1996).

Tests were conducted in treated lightly overconsolidated clay (cement factor = 110 kg/m>) and loose
sand (cement factor = 130 kg/m?) for 1-m diameter columns installed by both CDM and DJM
methods. After coring, shear wave velocity (vs) was measured, as was density. Cores from the new
sampler were of higher RQD than those from the conventional equipment. Data are provided on
U.C.S. (qu) and shear wave velocity in Figure 47. Although the trend of the U.C.S. data from the
new sampler was in both cases closer to that of the v, data than the old sampler’s data, a
considerable variation was still noted. The relationship was therefore explored between qu and the

maximum value of shear modulus at small strains, Gpmax, as determined from:
)
G'max - f)‘%

where p = mass density and v, = shear wave velocity.
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Figure 47. Unconfined compressive strength, qu, and seismic S-wave velocity, Vj,
versus depth (Sugawara, et al, 1996).

The relationship between Gmax and qy is shown in Figure 48: many test values with the traditional
sampler lie below the 1 x 10 line, indicating that shear strength is being underestimated, whereas
data from the new core sampler appeared to be more accurate. The data in Figure 49 also illustrate

clearly that the new sampler generally gives cores that produce higher strengths.

In conclusion, the authors also note that the “shape of the drilling bits needs also to be improved ..

to obtain better quality core samples.”

3.3.4 Exposure, Extraction, and Block Sampling

The opportunity to expose the treated ground allows all parties to observe column shape,
homogeneity, diameter, nature of column overlap, and so on. It also permits samples to be taken

with different shapes, sizes, or orientations from those that can be obtained by vertical coring.
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Figure 49. Histograms of qu/Gmax (Sugawara et al., 1996).
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The value of this kind of testing is underlined when it is recalled that important technical goals of
any DMM operation are to provide a uniformly treated mass, with minimal lumps of soil or binder,
a uniform moisture content, and a uniform distribution of binder throughout the mass. Exposed
treated soil can be sprayed with phenolphthalein solution to help indicate the presence of cement in

the mass.

Single columns can be fully exposed, and even extracted (e.g., Method 23), while multiple columns
can be installed in a circular shaft, or box, arrangement to allow a self-supporting excavation to be

completed.

Again, the major drawbacks to such exercises are principally cost, time, and site logistics, but on
certain projects of critical size, complexity, and significance such as the DMM work conducted at
the Fort Point Channel in Boston, MA, exposure is a vital element in verification, both as a pre-
production measure, but also as a special demonstration during construction. Burke (1997) is of the
opinion that the most efficient method of quality evaluation is to drill a shaft into overlapping
columns to allow visual observation of integrity, homogeneity, and sampling of the mixed soils, and

therefore to resolve any apparent anomalies identified by coring.

33.5 Geophysical and Miscellaneous Methods

Depending on the nature, purpose, and extent of the treatment, a variety of miscellaneous methods
have been reported. For example, Methods 11 and 19 both have been developed to reduce adjacent
ground and structural movements: inclinometer and borehole extensometer testing results have
therefore been reported. Similarly, in those methods (e.g., 15 and 23) focusing on very soft clays
and low strength treatment, CPT/SPT testing may be conducted before and after mixing, while most
recently, Esrig (1999) described the value of routine pressuremeter testing to accurately indicate in
situ shear strengths (Figures 50 through 52). (Druss (1998) also reported an apparent increase of 20
to 30% over data obtained from cores in treated clay when using the pressuremeter.) In higher

strength materials, “sonic velocity measurements in three dimensions” have been conducted to

verify quality of treatment (Method 4).
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Figure 50. Schematic of pressuremeter (Esrig, 1999).
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Depth .
Average Shear | Maximum Shear
Hole | Test | rom groundsurface | “yroqiis, G Modulus, G
to center of probe .
| 1orth) | 2 10.75 870
1 1 13.75
1 3 16.25 2,100
2 (Center) 5 8.25 3,000 14,500
2 4 9.75 5,000 23,000
2 7 11.25
2 6 13.25 540 5,400
3 (South) 9 8.25 1,250 14,500
3 8 9.75 1,500 7,300 H

Figure 51.

(Esrig, 1999).
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Hole Test frt(:’nz egnrzl?xzci] ;1:‘:!;:::(: Limit(ll,’sric)essure ‘-‘Shear;::;;ength”
(ft)
1 (North) 2 10.75 260
1 1 13.75
1 3 16.25 500 170 | l
|
2 (Center) 5 8.25 680 206 1
2 4 9.75 480 90 "
R 7 11.25 H
2 6 13.25 180 60 |
3 (South) 9 8.25 400 140 f
3 8 9.75 390 130
3 11 11.75
u 3 10 13.25 380 80

Figure 52. Pressuremeter results from BART, San Francisco, showing unit pressure and shear

strength (Esrig, 1999).
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Hane and Saito (1996) reported on the use of shear wave seismic tomography to explore a treated
sandy soil mass, underwater. In this case, the increase in velocity was from 200 to 500 m/s
(untreated) to 950 to 1200 m/s (treated), with a very small velocity contrast indicating homogeneity

of treatment. These data were consistent “with other mechanical tests.”

Hiraide et al. (1996) also assessed the strength of treated ground using shear wave velocities. In situ
data were compared with those obtained in laboratory tests on 65-mm diameter cores, from which
U.C.S. values had been obtained. Based on the correlation, between U.C.S. and v (shear wave
velocity, reflecting elastic modulus in situ), the strength of the treated soil mass was “successfully”
assessed by geophysical means. Figure 53 shows the relationship between shear wave velocities,
vsr (field) and vgi(laboratory), for cores at the same depth, and the authors concluded that vsr =
1.077 x vs.. Figure 54 shows the relationship between elastic modulus Ey, (at very small strain) and
U.C.S. (EL = 1250 times U.C.S., unrelated to soil type). Figure 55 shows field U.C.S. as determined

by in situ shear wave measurements. The authors claim “success” even in cores with RQD = 0.

Imamura et al. (1996) described the use of a borehole resistivity profiler in evaluating the quality of
DMM columns. The method provides a two-dimensional image around a borehole. The change in
properties before and after treatment can be demonstrated via this single hole technique. The
resistivity is strongly influenced by the porosity, the water content, and the water resistivity. Figure
56 shows the column layout on the site where two resistivity profile boreholes were drilled: one in
the middle of the mid pile, the other 6 m away in untreated ground. Figure 57 shows a fair
relationship between U.C.S. (qu) and resistivity, and Figure 58 shows the trend between water
content and resistivity. The “before and after” resistivity profiles (Figure 59) indicated the shape

and quality of the treatment.

Nishikawa et al. (1996) investigated the use of P- and S-wave logging, and SPT testing, and
compared the results with U.C.S. data on three DMM sites in Hokkaido. They pursued this path
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resistivity profiles (improved ground) (Imamura et al., 1996).

because of concerns about “cracks” in core samples reducing the validity of core testing, and also
for economic reasons. Data from the three sites are shown in Figures 60 and 61: the first two were
treated by CDM, the third by DIM. Coring was done by triple tube. Figure 62 shows the
relationship of U.C.S. to their P- and S-wave profiles, and Figure 63 shows the relationship between
SPT values and U.C.S.: when U.C.S. is greater than 2 MPa, SPT values tend to be over 50.
Assuming U.C.S. (MPa) = N/80 (Terzaghi and Peck, 1948), and that treated soil strengths are 0.3 to
0.4 MPa in such soft clays, N-values of 24 to 32 are to be sought. Using a rough estimate of
strength derived from P-waves, the average N-value at each site was calculated as 32, 24, and 39,
respectively. This compares with average measured in situ SPT values of 29, 31, and 39,

respectively — a reasonable agreement. “Further examination is needed.”
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Tamura et al. (1996) discussed the use of the low strain sonic integrity test (Figure 64), as used for
concrete piles, to evaluate the continuity of the DMM column, and borehole sonar to evaluate shape
(Figures 65 and 66). They concluded that, although the studies were at an early stage, the shear
modulus of the column could be calculated using both the elastic wave velocity and the borehole

scanner.

Barker et al. (1996) described Colmix (Method 4) work in a landfill in Scotland. Preliminary
attempts to measure unconfined compressive strengths on samples removed from the mixing augers
(by re-drilling), and in situ samples (by “push tubes™) gave results that did not appear to be
representative. It was therefore decided to carry out in situ mechanical tests using an ultra light
dynamic penetrometer: the “Panda” is portable, operated by one person, and requires no external
power supply. The energy is delivered by hand-held hammer, and the speed of impact is recorded.
The energy imparted is thus calculated, and the point resistance is displayed for each blow. The
data are recorded automatically in a “memo block™ that can be downloaded via a PC on site to

provide a hard copy. The correlation between cone resistance (qq) and U.C.S. (cy) is

qq=10to 15 times ¢,

In the case of a purely cohesive material, U.C.S. is twice ¢y, so that

qa =5 to 7 times ¢,

A cone resistance of 1 MPa can therefore be taken as equivalent to a U.C.S. of about 200 kPa. A
total of 18 columns were tested, and 3 tests also were taken in an untreated area. Data are provided

in Table 9.

Finally, it should be confirmed that the test should match the purpose of the DMM treatment.
Where DMM is used to create hydraulic cut-offs, borehole permeability testing to evaluate the
material and pump tests to demonstrate the effectiveness of the solution may be conducted. Plate
load tests can be conducted — albeit at considerable expense — to demonstrate bearing capacity,

while large-scale testing of entire elements can be carried out to measure shear
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Table 9. In situ dynamic penetrometer tests (Barker et al., 1996)

Column Siurry Age 8t {Length Cumutation (cm) % where

Location |Type test (d) [tested (m) jwhere qd < 1MPajqd > 1 MPa
1618 48 75 3,25 0 100 %
1619 47 86 5 19 965 %
1630 48 78 425 0 100 %
1631 48 91 3 0 100 %
1635 48 91 35 0 100 %
1636 48 90 35 20 94 5 %
1671 48 74 25 0 100 %
1672 47 84 325 0 100 %
1602 48 76 3 0 100 %
1604 48 76 5 2 99.6 %
1645 48 91 5 45 99 1%
1647 48 91 3 0 100 %
1686 X WASTE 5 84
1628 X WASTE 5 45
1870 X WASTE 5 114
1985 47 7 3 0 100 %
1927 47 7 3 0 100 %
1869 47 7 5 185 963 %
2398 47 28 5 0 100 %
2300 47 28 325 0 100 %
2242 47 28 35 0 100 %
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strength and lateral load/deflection performance. The latter was proposed as a test at the Fort Point

Channel project of the Boston Central Artery in 1997 (Figures 67 and 68).

3.3.6 Testing Issues Specific to Lime Cement Columns

A considerable volume of recent information has been published in English by practitioners in the
Nordic countries relating to the specific problems of Lime Cement Columns. The issue of QA/QC
and verification has been a priority of the national research programs in these countries. A review
of older and general data (Section 3.3.6.1) is followed by synopses of key papers presented at the
October 1999 conference in Stockholm “Dry Mix Methods for Deep Soil Stabilization.”

3.3.6.1 General Data

The ASCE Soil Improvement and Geosynthetics Committee Report (1997) addressed the issue of
“current QA/QC” with respect to the Lime Cement Column Method. Their summary provides a

useful overview and provides logical commentary.

“Lime and cement reactivity testing with the site soils are necessary to determine if the soils are
conducive to stabilization. Multiple replications of laboratory prepared samples using different
quantities of stabilizers should be fabricated to anticipated unit weights and need to be cured in
conditions expected in the field including temperature control. Unconfined testing at various time
intervals (over several moths preferably) after molding should be performed well in advance of
design to monitor strength gain with time. The shear strength of the stabilized soil has to be at least
three to five times the initial shear strength determined by unconfined compression tests before the

lime or lime-cement column method becomes economical (Broms, 1991).

Items to be checked during construction include freshness of stabilizers, particle sizes, location of

columns, eccentricity, length of columns, quantity of lime utilized, and withdrawal/mixing rate.
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On large jobs (> 1000 columns) or with initial unfamiliarity with the method, it is advisable to

check the bearing capacity and the creep limit with full scale test columns at the project site.

In addition to load tests, verification strength testing of the in situ mixing operation should be
monitored. A specialized column penetrometer has been developed for this purpose that overcomes
in situ testing problems encountered with conventional testing equipment and scale of test sample
restrictions. That column penetrometer is shown in Figure 69. The column penetrometer can more
accurately determine the undrained shear strength of the stabilized column material and should be
performed on 1 to 3 percent of the columns on each job. Pressuremeter tests can also be performed
on actual columns for the same purposes as the column penetrometer. Caution should be taken in
interpretation of pressuremeter results due to the weakened central section of each column. That
effect is produced by the relatively uncompacted mix in the hole that is left upon withdrawal of the

kelly.

Rathmeyer (1996) reviewed Lime Cement Column practice and noted that variations in shear
strength within the stabilized columns (a measure of homogeneity) are measured with special wing
penetrometers (Figures 70 through 72). The traditional push-down version is limited to a maximum
shear strength of 150 kPa and 8 m depth; the inverted version has limits of 600 kPa strength and 15
m depth. A problem is with the penetrometers actually following the centerline of the column. For
higher strength columns, wing penetrometer tests can be done in pre-drilled 55- to 65-mm-diameter
holes. He concluded that screw compressometer tests were time consuming and expensive; column
sounding, vane tests, and CPT were unreliable or misleading. Methods applied for integrity testing
of concrete piles do not work. Therefore “the only reliable test method today is total sampling,

managed by lifting up on the entire column.”

Markteknik (1999) provided more recent data, from a contractor’s viewpoint. It refers to the
traditional “pressure sounding probe” as “KPS” (Figure 73), which was used to depths of 4 m.
However, there were concerns about the probe remaining wholly within the column, even with pre-
drilling, and so to improve quality and reduce costs, it developed the reverse probe or inverted

penetrometer, known as “FOPS.” Markteknik claims this patented method is now the most
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Inspection of the columns was previously performed using pressure sounding. For
columns with a depth of >4 m, however, it is highly uncertain that the whole probe
remains within the column even if pre-drilling is performed. In order to ensure the
best possible result and to reduce costs, we have further developed the technique
with reversed probing to pre-installed, reversed column probing, FOPS (patented).
This technique is today the most common method used for testing the continuity
and relative strength of the columns.

l t Depth

Soil surface - | 1
“hep e
With FOPS-testing, the probe passes
safely through the column.
Shear strength
Traditional lime Reversed lime column
Probe graph

column probe "KPS" probe "FOPS" (patented)

Figure 73. Inspection and testing of columns using the FOPS probe
(Markteknik, 1999).
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common method for testing the continuity and relative strength of Lime Cement Columns, and to

ensure from the onset, that the design requirements will be satisfied.

Typical data presented by Esrig (1999) on the use of the inverted penetrometer are shown in

Figures 74 through 77.

3.3.6.2 Data from Stockholm Conference, October 1999

Norwegian experience was summarized by two groups of authors — Watn et al. (1999) and

Braaten et al. (1999).

Watn et al. note the growing use of Lime Cement Columns particularly for slope stabilization, but
that failures have occurred. A “public R&D project” — «Grunnforster Kning med Kalksementpeler”
by Norwegian Railways and the contractor Veidekke — has contributed to better understanding.
This project was completed in 1998 and involved “several Norwegian and Swedish research
institutes and contractors.” Particular attention was paid to the relationship between shear strength

found in the laboratory and effective shear strength from field testing.

Field Testing

1. FOPS: the resistance to withdrawal is used to correlate with the undrained shear strength.
Although a continuous profile is provided, the columns to be tested have to be
predetermined and so may not necessarily be representative. Shear strengths are based on
empirical Swedish relationships in lower strength clays and so FOPS relationships
developed in Norwegian conditions may be different.

2. CPTU (Cone Penetrometer): during testing, tip resistance, side friction, and pore pressure
are recorded, and undrained shear strength is determined. Thus, significant weak zones are
easily detected. However, the cone can deviate outside the column. A comparison with
FOPS data is provided in Figure 78: in general, FOPS values of shear strength average 50 to
100% higher than those determined from CPTU.
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Undrained shear strength (kPa)
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Figure 78. Average undrained shear strength (s,) determined from
FOPS and CPTU (N = 15) (Watn et al., 1999).

ODEX Core Sampling: a 102-mm cased hole provides a PVC-lined core. Clearly any
column (not predetermined) can be cored; the major disadvantages are potential deviation
and water flush damage to the column.

Sampling of the whole pile: a specially designed 12-m-long steel pipe, i.d. 700 mm, has
been used to sample 600-mm-diameter columns. The pipe is in two halves and has a “core
catcher.” It is first driven into the soil concentric with the column. It is then pulled out with
a crane and the extracted column exposed for observation, pocket penetrometer and pocket
vane testing, and further laboratory testing. Although very useful, it is costly and the
sampling method may itself produce undesirable compression and tensile stresses on the

column prior to testing.
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Laboratory Testing

1. U.C.S.: provides data on load/deformation, and undrained shear strength and strain at
failure. Its simplicity is attractive but the accuracy of determining undrained shear strength
is limited. Data from U.C.S. (UCT) on cored samples and samples from the whole column
are compared with undrained shear data (s,) from CPTU testing in Figure 79: in some cases
a discrepancy of 20 times is evident (at 7 m), judged to reflect the differences in test
methods.

2. CU: consolidated undrained triaxial tests provide undrained shear strength and the effective
strength parameters (c and @), This is a “realistic” test, being the only one providing
effective strength parameters. Data from two triaxial tests performed on cored samples gave
undrained shear strength values in excess of s, values from CPT but coincident with the
highest values from U.C.S. tests.

3. Other tests: these include visual inspection and description, water content, density, and lime

cement content.

Braaten et al. (1999) noted that ground stabilization with lime columns was first used by the
Norwegian Public Roads Administration (NDRA) in 1977 at the Rorrik Ferry Terminal, and
described experiences on three large recent projects. Selection of design parameters has
traditionally been based on shear strength evaluation of remolded laboratory samples, via U.C.S.
and (some cases) by CU. Comparison was made between laboratory tests (U.C.S.) and FOPS on
test columns (38 days), as shown in Figure 80 at 28 days. FOPS is used routinely in Norwegian
practice, but given its “predetermined” nature (and the fact that the contractor often conducts the
test himself) “it is not considered as an acceptable objective test method by the owner of the road.”
The NPRA has therefore tried to develop new methods, including a modified vane test (40/80 mm)

and a tube sampler (54 mm). Two projects have been tested to date.

Modified Vane: after 7 days the shear strength was high enough to cause damage to the equipment.

At 8 days a shear strength of 0.15 to 0.25 MPa was measured (Figure 81). There were also issues
with deviation outside the column below 6 m. However, the development of testing procedures for

the modified vane is being continued.
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Undrained shear strength (kPa)
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Figure 79. Undrained shear strength profile from pile 2D after 33 to 40 days of hardening
(Watn et al., 1999).
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Figure 80. Summary of results from laboratory and field tests (Braaten et al., 1999).
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Figure 81. Shear strength measured with the modified vane (Braaten et al., 1999).
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Tube Sampler: samples were taken after 1 to 2 days, easily to 9 m, to provide samples for laboratory
testing. U.C.S. and triaxial tests were conducted (Figure 82) with good correlation. This figure also
indicates a more rapid development of shear strength in vane data than sampled data, while the
averaged FOPS data “harmonize quite well” with the vane test and the laboratory samples in
general. Similar tests on the second site compared laboratory and “sampled” specimens at 28 days.
The latter had highly variable readings, were not homogeneous, and were in general lower than

laboratory mixed samples (Figure 83).

Swedish and Finnish practice has been summarized by four main groups.

Edstam and Carlsten (1999) developed a “suitable reference method” for preparing laboratory
mixed soil, to be used as standard within all projects coordinated by the Swedish Deep Stabilization
Research Centre. Clay and binder are mixed in a closed cylinder by a specially designed mixing
tool. Sample tubes are then “punched” into the mixed soil to provide samples of appropriate shape.
Extensive testing shows that values of s, (via U.C.S.) have now a deviation of £10% from the
average: 2 to 3 times better than “older methods.” Undrained shear strengths are similar between

methods, but occasionally lower stiffness is generated by the newer method.

Holm et al. (1999) confirmed that penetration testing is typically used to verify design values in
production columns but that total column extraction offers a “valuable compliment” including
samples for field and laboratory testing. For penetration testing, CPT is not favored because of the
small cross sectional area of the tool, while conventional (Figures 84 and 85), and reverse (FOPS)
(Figures 86 and 87) penetration testing are favored, provided the columns are not “hard.” However,
none of these methods can detect weak zones deep in a very hard column, or tell anything about the
binder distribution or column diameter — this is where extraction can offer many advantages.
Column hardness is not an issue while strength, diameter, homogeneity, and permeability can be
tested all along and across each column. Expense, however, usually limits such testing to research
programs. The authors also describe the 10-m-long, 900-mm-diameter split tube with “bottom
shutter.” It is vibrodriven to depth, and needs about 20 tonnes of pull-out force. Visual inspection
at each of two cuts (one at half radius, the other in the middle) allows relative hardness to be gauged

(Figure 88), together with diameter and homogeneity.
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Figure 82. Comparison of results from Timenes (Braaten et al., 1999).

Shear strength (kPa)
0 100 200 300
¢ Test1, vertical
Test 2, titted

A Test 3, vertical

-
E
o m  Test 4 tited
-
5 oumm— abor atory mixed
a samples
8
3
°
[]
a
£
g " na
o n -
| ]

Figure 83. Comparison of results from Moubekken site (Braaten et al., 1999).
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Figure 84. The conventional column penetration test (Holm et al., 1999).
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Figure 85. Typical result from conventional column penetration test (Holm et al., 1999).
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Figure 86. The reverse column penetration test (Holm et al., 1999).
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Figure 87. Typical results from reverse column penetration test (Holm et al., 1999).
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Figure 88. Example of results from visual inspection/classification (Holm et al., 1999).

Shear strength is measured via penetrometer and small vane tester. Laboratory testing on 500-mm-
diameter tube samples provides data on density, moisture content, amount of binder, and shear
strength (from U.C.S.). Hard, brittle columns tend to provide disturbed samples of below expected

strength. Triaxial tests may also be conducted.

Axelsson and Rehnman (1999) discussed the “strategy of the checking” before illustrating the
details with respect to an ongoing project. They are researchers at the Royal Institute of
Technology in Stockholm, where a research project is ongoing to develop and evaluate methods for

quality control. They make the following points regarding the verification strategy:
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e Number of columns tested is 0.5 to 2% of total (preferably selected at random, and also to

evaluate geological differences).

e Testing should be as soon as possible after installation (to catch systematic errors early).

e The main purpose of the treatment should dictate the testing program and methods, although

length and diameter are always important to check.

Regarding field test methods, their review can be summarized as follows (Figure 89):

deviation.

METHOD PRODUCT/NATURE RESTRICTIONS
. Wings ab'out 100. less than Mean shear strength <150 to
Conventional column diameter; pushed at 20 mm/s.
. 300 kPa and length < 8 m.
Penetrometer Test Provides mean shear strength. ‘Assumes @, = 0
(KPS) Pre-drilling (44 mm) reduces !

Reverse Column

Penetration Test
(FOPS)

Pre-installed and pulled at 20 mm/s
after 2 to 4 weeks.

Can test to 600 kPa and 20 m.
Test is simple but location is
predetermined.

Bottom 1 m not tested.

Column Vane Test

Developed from field vane.
Maximum torque recorded at different
levels (often at % radius).

Shear strength calculation from vane
factor times maximum torque.

Disturbance often produces
low results.
Test data not continuous.

Borehole Sonar

S- and P-waves generated radially and
received. Velocities calculated and E
and s, calculated empirically. 75 mm
augered hole used.

Prototype but results
promising.
Light equipment, fast results.

KTH Penetration Test

New type with thin steel plate wings.
Adhesion corresponds to Sy.

Newer development.

For the field tests, 54 columns were installed of which 15 were extracted. The whole range of

penetrometer and materials testing was conducted. The authors concluded:

e Conventional penetration testing (KPS and KTH) can be performed to 8 m even in 800 to

1000 kPa material using 44-mm-diameter rods to reduce bending and skin friction. A very

heavy reaction is required.

e Reversed penetration testing experienced no problems.
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Figure 89. Schematics of field test methods (from Axelsson and Rehnman, 1999).
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e Column vane test not satisfactory (the 36-mm rods deviated after 4 to 5 m and the test needed
high push forces). Data good for strengths < 150 kPa.
e Sonar was successful.

e U.C.S. tests were similar to penetrometer data especially for s, < 100 kPa.

Halkola (1999) of the City of Helsinki described experiences in Sweden and Finland. In general he
noted that the “extensive non-homogeneity of the columns” makes it impossible to make reliable
conclusions on the strength or success of the stabilization based on individual column penetration
tests. However, he noted that with the increasing use of cement in addition to lime, the columns
became harder (and lose the “weak” central core of 100 to 150 mm diameter). In Finland the
decision was therefore made to use CPT and apply statistical methods for interpretation. A pullout
resistance test (PORT, assumed equivalent to FOPS) was developed in Sweden for hard, deep
columns, tested earlier than later. Undisturbed sampling “became general in the 1990s” but is
operationally difficult, while in Japan the “quality control...is based almost entirely on the taking of
undisturbed samples whose strength is determined by uniaxial compression tests.” Extraction of

whole columns is judged expensive and is “not well suited” to columns greater than 10 m long.

A review of “quality inspection” of installed columns is provided in Table 10. Tests are generally

conducted at 7 to 28 days in Sweden and at 28 to 56 days in Finland.

Halkola notes that if the total number of successful tests (penetrometer or CPT) is small, or the
columns are exceptionally nonhomogeneous, a misleading view of the strength variation can be
obtained from the standard deviation. In such cases, it is advisable to use the absolute minimum
and maximum values, although the minimum values cannot be used as the design strength, “apart

from certain exceptional cases.”
He concludes that DMM columns are typically produced quickly and this, plus the natural

variability of the soil and the testing methods, will generate a scatter of performance data, even

when tested with the recent advances in geophysical methods. He foresees that better
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installation techniques will permit a reduction in the number of columns tested and the use of
simple penetration methods (CPT) in softer columns and core samplers in harder columns, “in

which case the quality control costs will be at a reasonable level.”

In passing, it may be noted from recent project data sheets from the Stabilator company (1999) that
0.5 to 1.0% of production columns are routinely tested (by normal penetrometer) in addition to the
test columns which are first installed and tested. Their number varies with the scale of the project
and the variability of the soil, but in one case (E18/E20 highway at Glanshammar, Sweden) 225
such columns were tested in 16 different areas along a 17-km project (63000 columns totally
343,000 lin. m). Hercules (1999) reported working on 10-km of the same project wherein 1200 of

140,000 columns were subjected to “production control.”

34 General Overview

Throughout international practice, there is clear appreciation for the application of the successive

steps that are taken to promote a successful DMM project, namely

1. Appropriate site investigation.

2. Laboratory testing of site soils blended with various types of binder to ascertain properties
of treated soils, and to guide the subsequent field “starting point.”

3. Pre-production field installation, closely monitored, tested, and analyzed.

4. Close and accurate control and monitoring of routine construction parameters during
production, and verification that they are within the desired range.

5. Verification of properties of the treated soil.

Regarding the recording of construction parameters, it would appear that there exist three different
levels of sophistication of data acquisition and display, ranging from simple manual efforts to total
computer acquisition, display, and control. The deployment of each of these levels reflects national
practice and history of usage, the nature of the particular DMM technique being used, and what is
contractually required of the contractor in the specification. Typically, however, the majority of the

methods feature a real-time computer display of relevant desired and actual construction
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parameters, which still permits operator adjustment whenever appropriate. It is becoming
increasingly rare, even in “start up” operations in new geographic markets, for a purely manual
system to be used, while total computer control is necessary to accommodate the sophistication and

speed of some of the newer methods.

Improvements continue to be made, particularly in Japan, but also in Scandinavia where only one
DMM technique is used (i.e., Lime Cement Columns). Prime targets are improving control over
slurry (and binder) discharge parameters; improving definition of the “bearing horizon”; automation

of the construction equipment and methods; and assessment of column verticality and straightness.

Six basic opportunities exist to determine the engineering properties of treated soil:

1. Laboratory: tests are conducted on (remolded) samples of the site soil that are combined
with an appropriate range of binders. This is done prior to construction (or even
specification writing) to verify or demonstrate what may reasonably and subsequently be
expected of the treated soil in situ. Occasionally, further laboratory testing may be
conducted at some later stage in the process to resolve some site-specific or forensic issues.
It must be noted, however, that such laboratory tests, even when conducted with
“standardized” methodologies (as is the goal in Japan and Scandinavia), provide only an
“index” of the properties to be anticipated in the field, due to the strong influences exercised
by scale effects, and geological and constructional variations. The most common test is
U.C.S,, although triaxial testing seems to provide more accurate, consistent, and meaningful
results. Permeability is also a typical parameter investigated, while sample homogeneity can
also be noted although it may be of limited practical relevance. Researchers report U.C.S.
values two to five times higher than values obtained from field samples (especially those
from wet grab techniques), but results from cores carefully taken from large DMM
installations can provide higher strengths due to in situ “adiabatic” influences. Laboratory
test data, typically and unsurprisingly, tend to show less scatter than data from in situ

sampling.
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Wet Grab Sampling: this method is particularly popular in the United States for sampling
columns formed by wet methods prior to initial set. However, it encounters a number of
practical, sampling problems, and the data are particularly variable and of questionable

relevance in poorly mixed soil.

Coring: in Japan this remains the most common method of treated soil verification, less so in
the United States and quite rarely in the relatively low-strength treated soils of Scandinavia.
Relevant results are predicated on the use of good drilling technique and equipment, to
ensure that samples are not inherently damaged prior to testing, and that even a
heterogeneously treated column is correctly sampled, not just the most resistant portion.
Samples are typically drilled vertically and should be taken all across the radius of a column
to ensure representative data. There is strong debate as to the true relationship of U.C.S.
data from cores to those from wet grab samples. However, it would seem that, provided
good drilling technique is exercised, core strength can be as high as twice that of wet grab
sample strengths. Relative to laboratory tests, core values seem to be around 50%, although
the range can extend to 80% in cases of high mixing efficiency. The scatter of data from
core samples appears to be higher than that from laboratory specimens. The Japanese
continue to lead research into new coring techniques designed to impart the minimum

disturbance to the treated soil sample.

Exposure, Extraction, and Block Sampling: this is most popular in Scandinavia (where
treatment depths, diameters, and soil conditions are more conducive). Although relatively
expensive and logistically demanding, the method provides many advantages including the
opportunity to judge column homogeneity and other related strength and permeability
parameters in directions other than vertical. On grounds of cost, it is typically restricted to

pre-production testing.
Modified Geophysical Testing Methods; practitioners in Japan in particular are researching

the use of existing geophysical techniques as means of assessing column strength, integrity,

and homogeneity. Broadly, each can be described as “promising,” having provided
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reasonable correlation with data from cores, but it does not seem that any geophysical

method is used routinely. Types listed are

e Shear Wave Seismic
e Borehole Resistivity Profiling

e Low strain sonic integrity testing/borehole sonar

Modified Geotechnical Testing Methods: especially in the Nordic countries where column
strengths are relatively low, it is common to adapt existing geotechnical testing techniques
to illustrate primarily undrained shear strength. Virtually all routine testing on installed

columns in the Nordic countries is carried out by some form of penetrometer testing. Brief

details are as follows; note that each method has its own advantages and disadvantages.

RESEARCHING NOTES
METHOD
COUNTRIES
Conventional Used since 1980 in columns of s, less than
Column Penetration Nordic countries | 200 to 300 kPa.
(KPS) Depth limit 6 to 8 m, aided by pre-drilling.
Inverted Column Used in Sweden since early 1990s for
Nordic countries | strengths up to 600 to 800 kPa and to depths
Penetrometer (FOPS) of 20 m
KTH Penetrometer Sweden New simple development, of promise.
Pressuremeter Sweden/U.S. churate test, especially for stronger columns,
being promoted.
Dynamic Being used commercially in conjunction with
Penetrometer France/U K. Colmix system (Method 4).
Static/Dynamic Finland/Sweden Developed in 1980s but not as accurate as
Penetrometer CPT.
Standard Penetration Widespread, simple test, well known.
Test Japan
Cone Penetrometer Norway and Finland | Despite systematic problems, can provide data
one rene (since 1970s) less in | in columns of ¢, up to 1000 kPa, 20 m depth.
(CPT) S
weden
. Under development for ¢, less than 200 kPa
Modified Vane Test Norway but use decreasing with use of CPT in 1990s.
Tube Sampler Norway Promlslng development but gives low
strengths in heterogeneous columns.
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RESEARCHING NOTES
METHOD
COUNTRIES
Screw Plate Test Scandinavia Developed in early 1970s and is a very precise

but expensive test.

Measurement While
Drilling (MWD)

Japan, Finland

Good experimental results achieved in
stronger columns through real-time
monitoring of drilling parameters.
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4. PROPERTIES OF GROUND TREATED BY “WET” METHODS

The most common parameters of treated ground that are measured and/or inferred on DMM

projects are:

¢ Unconfined compressive strength
e Undrained shear strength

o E-value

e Tensile strength

e Permeability

e Compressibility

e Unit weights

In addition, there are relatively little data on Poisson’s Ratio, drained shear strength, temperature
development, or durability, while those DMM applications conducted for environmental

remediation purposes typically include very detailed and sensitive chemical analysis data.

This chapter deals with data provided on ground treatment with the 21 “wet” methods identified in
Table 1. These fall into the WRS, WRE, and WJE groupings, which employ a slurry as the binder

for the native soil, and there is a great deal of data.

Section 4.1 reviews data obtained from “general” publications, or from “broad brush” statements,
such as are provided by the specialty contractors in their promotional literature. It reviews the range
of “binders” used, and comments on certain related operational factors such as water/cement ratio,
cement factor, volume ratio, U.C.S., and permeability. Section 4.2 reviews data from the same or
similar sources to investigate simple inter-parameter relationships (such as between U.C.S. and E)
and time-dependent phenomena (such as rate of gain of strength development). Sections 4.3 and
4.4 describe the results obtained from particularly extensive and sophisticated research studies, in

the laboratory and in the field, respectively. Section 4.5 summarizes general observations on the

data presented in this chapter.
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Chapter 5, which deals with the three “Dry” methods (i.e., DRE classification) follows a similar

structure.

4.1 General Observations

4.1.1 “Binder” Materials

As noted by Harnan and Iagolnitzer (1992), the binder and its composition are most appropriately

determined after careful consideration of the following:

¢ Physical binder/soil mechanism.
e Chemical binder/soil reaction.
¢ Pozzolanic property of any clay present.

* Required properties of the treated ground.

The following materials have been reported as being used, while new developments are continually
under way (in materials as well as operational parameters). Their use is illustrated in Table 1 1,

which also provides data on various operational parameters and the resultant treated soil properties:

 Portland cement: The most common, being typically Type I or I, and occasionally sulfate
resistant. Hosomi et al. (1996) reported on significantly different treated soil properties being
generated by cement from different suppliers.

* Bentonite: Added in relatively small amounts (less than 10% by weight of cement) to provide
stability to high water/cement ratio slurries, and/or to help reduce treated ground permeability.

¢ Slag cement: For chemical stability and durability especially in brackish environments and to
give lower strength (and often lower cost).

¢ Clay: Incorporated into bentonite cement slurries to promote construction of low permeability

cut-offs (less than 10”° m/s). Generally used (ASCE, 1997) in sites underlain by
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interbedded fine and coarse grained soils. Typically used for pollution containment at sites with

low differential heads.

Sand: Very infrequently used, but can act as a cheap filler and to provide mechanical strength in

very soft soils.

Kiln dust: Used alone, or together with cement, flyash (and lime) for treating soils with heavy
metals, acidic soils, and sludges.

Flyash: Added as a substitute for cement (up to 25% by weight of cement) to reduce cost,
increase chemical durability, and reduce heat of hydration within the treated mass.

Lime: Used occasionally for commercial reasons and/or when treating soils with high organic
content. It can also be used to substitute up to 50% of the cement (Matsuo et al., 1996) to

provide a fluid, economic, but lower strength grout and treated ground (Figure 90).

Sign Hardening agent Curing time
28(days)
%—— normal Portland cement W
—h— | Adjustable low-strength | 28(days)
A | agent Type B | 51(days)
~ll- | Adjustable low-strength 28(days)
== agent Type A 9l(daya; ,O
Adjustable low-strength 28(days
2 agent Type C | Oayn) ~ 7
6 -
(x10%
=
& 4
%
2
0

Figure 90. Effects of the adjustable low-strength agent (Matsuo et al., 1996).
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o Additives: Principally dispersants (to provide good fluidity for lower water/cement ratio
slurries) or retarders. Dispersants have also been used to improve drill penetration rates and
enhance mixing efficiency in stiff cohesive soils, and anti-washout agents may be used in
dynamic water situations (Gause, 1998).

e Gypsum: Being used in FGC variant of CDM (Method 6) in an effort to reduce the cost of
slurry, and control the strength of treated ground.

e Others: For special environmental purposes, various proprietary admixtures and materials are
used. These are not common in geotechnical applications. Porbaha (1998) notes that cement
may be used in conjunction with silicates, thermoplastics, and polymers for the treatment of

organic contaminants.

The CDM Association (1994) notes that both fresh and seawater can be used in grouts without

affecting strength, with the former being most commonly used in land-based projects.

4.1.2 Water/Cement Ratio

There is a wide overall range (0.5 to 2.5 by weight), although most techniques use a much narrower
band (0.8 to 1.2). There is a tendency for each technique to use lower values when treating clays
and silts (to minimize the extra water introduced into the system), and higher ratios (by say 50%) in
sands and gravels to promote mixing efficiency. In addition, certain techniques (e.g., DSM) use
water/cement ratios up to 25% higher during the penetration phase, to try to help the penetration
rate and mixing efficiency and to try to slow hydration-related stiffening. Bentonite is often added
to slurries used in the WRS methods. The actual in situ water/cement ratio of the treated soil will

reflect the natural moisture content of the ground, as influenced by any pre-drilling activities.

4.1.3 Cement Factor

This would seem to range usually from 100 to 400 kg/m3 (although some projects may need higher
values) and has a clear control over subsequent treated ground strength and other properties. Like

volume ratio, these data are taken to refer to the injected quantities, which may not necessarily be

those that remain in place.

153



4.1.4 Volume Ratio

Volume ratio reflects the type of DMM technique used, being higher for certain WRS methods to
promote efficient penetration and to enhance mixing efficiency, but lower in other groups where the
mixing efficiency is higher due to higher rotational speed or jet assistance. The higher the volume
ratio the higher the amount of spoil (and also the amount of binder wasted in the spoil). In addition,
higher volume ratios at water/cement ratios above, say, 0.6, will introduce increasingly large
volumes of free water into the ground/slurry system, leading to lower set strengths, reduced

durability, higher permeability, and more binder wastage (as surface spoil).

4.1.5 Unconfined Compressive Strength

The “wet” methods are usually designed to provide higher U.C.S. values (greater than 1 MPa) than
the “dry” methods (up to 0.5 MPa). One notable exception is the FGC-CDM, where mix designs
are selected to deliberately provide lower strengths to aid subsequent excavation and tunneling

activities through the treated soil.

Bearing in mind that the unconfined compressive strength of the treated ground is, however, a result
of many variables, including construction variability itself, the following broad observations can be

made.

* Soil type is the most sensitive factor influencing the strength of treated ground. The
same degree and type of treatment used in different soils produces results with a wide
variation. The effect is attributed to the variations in the adsorption and pozzolanic
reaction in the various soils as well as the reaction of the binder itself. Soil strength may
limit the strength of the treated ground to a certain range beyond which the design is not

cost efficient or even practical. Figure 91 shows the unconfined
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Figure 91. Data from excavation support wall projects
(Taki and Yang, 1991 and GeoLogan, 1997).

compressive strength (from wet grab samples) of SMW walls installed in clayey soil,
sandy soil, and gravelly soil based on dozens of such projects. Although the strength
increased with cement factor for each type of soil, the increase of strength in cohesive
soils was slower in comparison with those in sand and gravelly soils. These data were
for a range of water/cement ratios (typically 1.0 to 1.5) but most incorporated up to 5%
bentonite (by weight of cement).

Strength is related proportionally to apparent cement factor a,, (Figure 92) in the range of
10 to 30% at least.

The strength of treated sandy soils is higher than that of treated cohesive soils by factors
ranging from 2.5 to 5, all other variables being common.

The denser or stiffer the virgin ground, the higher the strength of the subsequent treated

ground.
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Figure 92. Relationship of treated soil strength to apparent cement factor

(CDM Association, 1994).

i A 1
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Figure 93. Relationship between cement sturry density and unconfined compressive strength

(Matsuo et al., 1996).
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* The water/cement ratio of the grout also controls strength (e.g., Figure 93 — between
apparent cement factors of 15 and 30%, and Figure 94) possibly even more directly than
cement factor.

* Air entrainment significantly reduces treated ground strength (Figure 95), although it
may increase freeze-thaw resistance).

* There is a great deal of control available to designers in achieving certain design
strengths in a wide range of soils by careful selection of binder type and appropriate

injection parameters (e.g., Figures 96 and 97).

Notwithstanding all the known variables, both natural and selectable, it is reasonable to expect 28-

day U.C.S. values in the following broad ranges (as determined by cores):

Organic and very plastic clays, sludges Up to 1.0 MPa

Soft clays 04 — 1.5MPa
Medium/hard clays 0.7 - 2.5 MPa
Silts 1.0 - 3.0 MPa
Fine-medium sands 1.5 — 5.0 MPa
Coarse sands and gravels 3.0 - 10 MPa

Unconfined compressive test data are used for design, construction quality control, and quality
assurance. Sugimura (1997) proposes that the “design strength” (F¢) of the treated ground (Figure
98) can be calculated from the average of the unconfined compressive strengths (quf) of core

samples.
FC = Quf — 1.30’, and fC =1/3 Fc
where Fc= Design strength.

fc= Required strength under normal static loading.

c= Standard deviation of test results.
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Figure 95. Effect of air entrainment on strength (Miyoshi and Hirayama, 1996).
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Figure 96. Laboratory test results with #500 cement, water/cement ratio = 1.00
(Hosomi et al., 1996).
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Figure 97. Results of unconfined compression tests from field s

(Hosomi et al., 1996).
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Figure 98. Design strength concept (Sugimura, 1997).
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4.1.6 Permeability

Table 11 indicates that 107 to 10" m/s is a routinely achievable goal, but that results approaching
10'° m/s are achievable only at considerable extra cost (e.g., by using more cement (Figure 99),

or the use of bentonite) and in soils of a higher native clay content.

l\f

w/C=0.6

orlglnal Eround

L1 11

1077 hr‘(ﬁ + I '

L k=10"°%~ .
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[0~k :
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E 1o v 3
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k] l]lllll
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1 1 1111!
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10 E-

1

- - i
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Figure 99. Relationship between coefficient of permeability and cement content for laboratory
improved soils (CDM Association, 1994).
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Taki and Yang (1991) stated that permeability is “affected” by soil type, cement factor (Figure 100),
presence of bentonite, water/cement ratio, volume ratio, and age. They reported that permeabilities

of 107 to 10"% m/s are recorded from laboratory tests on wet grab samples taken during

construction.

104 T T T T T T T 3
L - Gravelly sand (4% fines)d
s Laboratory Sample p g1y gun ]
- ‘:""‘;“:“ o Silty Sand (42% fines)
e L - sland Prof. ) ganay silt 4
i \
s 10°L AN T 1 oy -§
< f "\ Field Wet Sample T 2 Clay it Sand & 3
\ rave!
-‘S [ A\ I 3 sane ]
] - )
g *-
g 10-6 - - ':‘
£ 3 o, 3
et SSho N T el 1
o . e
E ‘\:A
g | -
é 1. EBMUD
S 107k Project 2. Man-made -
g E Island 3
) o Project 1
i 3 ‘ 3. Dry Dock
[ 11b/yd3 = 424 kN/m3 Project ]
108 1 1 L 1 1 1 1
300 400 500 600 700

Cement per Cubic Yard of Soil (Ibs)

Figure 100. Permeability of treated soils (Taki and Yang, 1991).

Geo-Con, Inc. (1998) presented the data in Table 12 and summarized that strengths can generally be
increased with additional cement. Permeability can be lowered with the use of bentonite or
proprietary reagents. Geo-Con further stated that, although adding cement does decrease the
permeability of soils, it generally is not to the order of magnitude generally required for effective in
situ barriers. Bentonite is the superior material to mix into the soil for this purpose. Generally,
cement is also added to create a soil-cement bentonite product, which will be relatively

impermeable, flexible, and will have some reasonable strength. Table 13 shows results compiled

from three projects.
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Table 12. Strength and permeability data for ranges of
cement factors and soil types (Geo-Con, Inc., 1998).

SOIL TYPE CEMENT FACTOR U.C.S. PERMEABILITY
Sludge 240 to 400 kg/m’ | 0.7to 0.35 MPa 1x10° m/s
Organic silts 3 0
150 to 260 kg/m 0.35t0 1.4 MPa 1x 107 m/s
and clays
Cohesive silts 3 0
120 to 240 kg/m 0.7 to 2.1 MPa 1x 107 m/s
and clays
Silty sands 3 o
120 to 240 kg/m 1.4 to 3.5 MPa 1x 10" m/s
and sands
Sands and gravels | 120 to 240 kg/m’ | 3.0to 7.0 MPa 1x107 m/s

Table 13. Strength and permeability data for typical bentonite-cement mixes
(Geo-Con, Inc., 1998).

Water/ | Bentonite/ | Additional | Grout/ | U.C.S. Hydraulic
Soil types Job type | cement water reagent soil 28-day | conductivity
ratio ratio ratios* ratio (MPa) m/s
Medium
de:csle sz:aldetlo Deep Soil
sandy gravel, | Mixing 1 0.04 None 032 | 042 9x 107
loose silty (DSM)
sand to soft
sandy silt
Sand, sand FA/W = 14to | 6x107to2x
with clay DSM 1.2 0.064 021 030 | ‘g4 10710
DSM/Jet FA:W=0.4 9
CL-ML arout 1.5 0.02 GW =02 0.38 1.7 1x10

*These include Flyash (FA) and Gypsum (Gyp)

4.2.

421

Derived and Related Parameters and Properties

Rate of Gain of Unconfined Compressive Strength

Published rate of strength gain data are shown in Table 14.
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Table 14. Published sources of rate of strength gain data

SOURCE STATEMENT (ON U.C.S.)
Walker (1994) 28 days =2.0 x 4 days
CDM (1994) 60 days = 1.4 to 1.5 x 28 days

28 days = 1.4 to 1.5 x 7 days (silts)
28 days = 2.0 x 7 days (sands)
Mixes with high water/cement ratio have no
strength gain after 28 days
56 days = up to twice 28 days with slower
Geo-Con, Inc. (1998) decreZse to I;60 days ’
Bachy (1994) 28 days = 1.5 to 2 x 7 days (sands)

Hosomi et al. (1996) 60 days = 1.4 to 1.5 x 28 days
O’Rourke et al. (1997) | 28 days = 3 days + 0.62 MPa (clays)

Taki and Bell (1998)

Typical data are provided in Figures 101 through 103 (U.S. data) and Figure 104 (Japanese data).

It may be concluded from the information available that:

e Strength gain is slower in cohesive soils.

e Strength gain is slower when high water/cement ratio grouts are used, possibly being minimal
after 28 days.

e 28-day strengths are 1.5 to 2.0 times 7-day values, and twice 4-day values.

e 56-day strengths can be up to twice 28-day values.

* Long-term strength gain generally continues after 56 days.

4.2.2 Tensile Strength

Takenaka (1995) reports that direct uniaxial tensile tests on 50-mm-diameter laboratory samples
indicate a range of tensile strengths equivalent to 10 to 20% U.C.S. Saito et al. (1980) report that
laboratory results from core splitting tests were lower than for direct uniaxial tests: for U.C.S. less
than 6 MPa, the splitting tensile tests were 8 to 14% U.C.S. Takenaka (1995) confirmed this, citing
strengths up to 10% U.C.S. CDM (1994) also summarized that the tensile strength
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Figure 102. Strength (short term) in contaminated sand and silty clay
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usually is 8 to 20% and that 15% is used regularly for design purposes. It may be concluded,
therefore, that:

e The ratio of tensile to unconfined strengths is 8 to 20%, being in the upper ranges when
measured by direct uniaxial tensile tests, but 8 to 14% when measured by splitting tests.

e Although 15% is used regularly by CDM for design, a lower value (e.g., 10%) may be prudent

without site-specific direct tensile testing.

4.2.3 Shear Strength

Saito et al. (1980) reported that the relationship between U.C.S. and direct undrained shear strength

is
To=0.53 + 0.37q, — 0.0014q,” (qu < 6 MPa)

where T, = 28-day shear strength (direct shear, no normal stress); and

qu = 28-day U.C.S. (kg/cm?).

The gy to T, ratio is about 2 when gy is less than 1 MPa and reduces gradually as q, increases. This
relationship has been reaffirmed by CDM (1994).

Jasperse (1989) provided data (Figure 105) relating shear strength to 7-day (40% ratio) and 28-day
(35% ratio) U.C.S., while Taki and Bell (1998) estimate shear strength as 33% U.C.S., as do Harnan
and Iagolnitzer (1992). '
Most recently, Sugimura (1997) proposed that the shear strength (F.) can be calculated from:

F:=1% +0ptan §

where T, = shear strength at o, = 0 and 0, = normal stress.
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Japanese test data appear to indicate that the ¢ value for treated ground is about 30° for most soil
types, and Sugimura notes that from direct shear tests Frs, = 0.29 F;, whereas from past research
Fis0 = 0.337 F.. For typical DMM situations, where F¢ < 2 MPa, Fi, = 0.3 F,, where Fq5, is the

design shear strength.

Yoshida (1996) conducted both triaxial (unconsolidated — undrained) and direct shear testing on 68-
mm core samples from SCC treated silts and sands. He found that, within a range of U.C.S. from 2
to 5 MPa, direct shear strength was 23.3% of U.C.S. (Figure 106). However, data from the triaxial
shear tests were 1.57 times higher, implying that the triaxial shear test data were 37% U.C.S.

{ I 1 1 ]

T =0.233 0 o P
12k (r=0.654) _
o~ °
E
g — -
E, °/
~ (-] ©
- 8 o o —
L
> L ° -
cC
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£ — -
w

| 1 1 | ]
0 20 40 60

Unconfind Strength qu(kgf/cm?)
Figure 106. Correlation of unconfined compressive strength, q,, and shear strength, t

(Yoshida, 1996).

It may be concluded, therefore, that the limited data suggest that ratios of 30 to 35% are found in
treated ground of unconfined compressive strength over 1 MPa, while lower ratios (40 to 50%) may

be more representative in weaker ground.
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424 Esg Value (Es is the secant stiffness modulus at 50% peak strength)

Published Es; versus U.C.S. relationships are shown in Table 15.

Table 15. Published Es relationships with U.C.S.

ASSUMPTION
SOURCE (T1vES U.C.S.) COMMENT
Suzuki (1982) 350 to 1000 Cores from field test
. SMW technique with
Taki and Yang (1991) 500 to 1350 bentonite mixes (Figure 107)
Bachy (1992) 50 t0 100 Field data — clay: higher for
sands.
Field data
CDM (1994) 400 to 600 (Per Yang et al., 1998)
Takenaka (1995) and .
CDM (1994) 350 to 1000 Laboratory data (Figure 108}
140 to 500 CDM technique (Figure 109)
Asano et al. (1996) 50 to 300 FGC technique (Figure 109)
Futaki et al. (1996) 144 (organics) to 209 Cores from field test
(sand)
75 to 680 but ratio
Okumura (1996) highest above U.C.S. =1 Field data (Figure 110)
MPa
. 150 (higher strength) .
Kawasaki et al. (1996) 100 (lower strength) Field data
Ou and Wu (1996) 20010 5280(;}’}) ically Several sources
Okumura (1996) and CDM in soils with less than
Saito et al. (1980) 400 to 600 15% sand
Field and laboratory
Tatsuoka et al. (1996) 250 to 1000 (Figure 111)
Yoshida (1996) -1280 + 263 qu (kgf/em?) Field data (Figure 112)
, Laboratory data on SMW
O’Rourke et al. (1997) 50 to 150 (Figure 113)
300 to 1000 DSM technique
Geo-Con, Inc. (1998) 100 to 300 SSM technique
Taki and Bell (1998) 180 For design purposes
Unami and Shima (1996) | 0.t 500 (ypically Mass of CDM field data

about 100 to 200)
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Figure 108. Relationship between unconfined compressive strength, qu, and static linear
modulus, Es, for laboratory improved soil (CDM Association, 1994).
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Figure 113. Esg versus qy for laboratory prepared and cured soil-cement tested by Geotesting
Express (O’Rourke et al., 1997).
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It may be concluded, therefore, that

o There is a proportional relationship but it is very difficult to identify reliable boundaries to it.

» However, there is some evidence that the ratio is lower (50 to 300) in lower strength materials
(say up to 2 MPa), but higher (300 to 1000) in higher strength treatments, with the ratio
increasing with increasing strength. (The ratio for concrete is reported by Suzuki ( 1982) to be
1010.)

¢ It is controlled by the same parameters that control strength.

* It may be speculated that higher degrees of mixing efficiency may contribute to higher ratios
(less untreated and potentially compressible native soil inclusions). In this regard, O’Rourke
and McGinn (1999) noted considerable variability in stiff cohesive soils treated by the SMW

method (Method 2) in a site in Boston, even over small distances (0.8 to 1.5 m).

Overall, O’Rourke et al. (1998) summarized that the Japanese data are largely taken from small core
samples. They cannot therefore represent the large-scale effects that reflect variability in situ and
relate to the overall design and construction concepts. Equally long-term relationships also are not

well addressed.

4.2.5 Poisson’s Ratio

The static Poisson’s Ratio is as high as 0.49 if the material is undrained, and ranges from 0.3 to 0.45
under other loading conditions (CDM, 1994). Sugimura (1997) writes that from the results of
triaxial compression tests and unconfined compression tests, Poisson’s Ratio varies from 0.19 to

0.30. A value of 0.26 is usually assumed for design analyses in his experience.

4.2.6 Miscellaneous Properties

CDM (1994) notes that the rate of deterioration of soilcrete under exposure to marine conditions

increases with the log of time.
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Yoshida (1996) concluded no noticeable relationship (Figure 114) between density and U.C.S. for

SCC columns cored in treated silts and sands.
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Figure 114. Correlation of density and unconfined compressive strength

(Yoshida, 1996).

4.3  Special Laboratory Test Data

Taki and Yang (1990) presented data from laboratory samples made from a variety of sands and
silts. The influence of cement factor (250 to 350 kg/m3) on 7-day and 28-day U.C.S. is shown in
Figures 115a and 115b, respectively; the effect on permeability is shown in Figure 115c, and the
relationship between U.C.S. and permeability is shown in Figure 115d. It may be noted that
permeability can be reduced in sands by adding cement (and bentonite), whereas reduction is much

smaller and more costly to achieve in clays.

Pagliacci and Pagotto (1994) described a laboratory and field test of their WRE system (Method 3)

for the foundation of a new steel plant at Bang Saphan, Thailand. The alluvial
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sediments were loose sands and soft clays of low plasticity from 5 to 16 m deep. The underlying
marine sediments consisted of alternations of hard clay and dense sand from 16 to 38 m deep.
Where treatment was anticipated, the soils in the first 5 to 12 m were very weak (N=1103; ¢, =15
to 35 kPa (CL); and about 20% of the relative density of the sands). The soil was slightly organic,

and at a moisture content equal to or higher than the liquid limit.

Target U.C.S. was 1.2 MPa with E = 150 to 320 times this value. Initially a laboratory test was
performed on a very soft plastic slightly organic clay (in Italy). Four pumpable grouts with
different sand/cement ratios were used (Table 16) and tests were run at a cement factor equal to

250 kg/m’. Two limit hypotheses were considered (Figure 116):

1. Volume of spoil = volume of slurry, and comprises both soil and slurry.

2. Volume of spoil = volume of slurry, but consists only of soil.

Experimental data are provided in Tables 17 and 18, and Figure 117, indicating the contribution of
sand to strength development. Hypothesis 2 is preferable in the field, where Type C grout was used
with a water/cement ratio of 0.6, sand/cement ratio of 0.5, and cement factor of 250 kg/m3 . Cores at
28 days gave 1.5 to 2.5 MPa (Figure 118). They estimated the wet method provides U.C.S. values

in cohesive soils 30 to 50% lower than for dry methods (due to higher total water content).

Saitoh et al. (1996) demonstrated clearly how high quality laboratory testing should be conducted.
Work by Takenaka engineers had indicated Eso = 350 to 1000 U.C.S. (Figure 108), while

Figures 119 and 120 illustrate the influence of sand content (increases modular ratio), and water
content (decreases modular ratio), respectively. Regarding tensile strength, Figure 121 shows the
relationship of direct and splitting tensile tests to U.C.S. data obtained from lab samples, and Figure
122 shows the influence of water content. They concluded that the split tensile strength is 8 to 12%
U.C.S. with the direct testing giving higher ratios. Regarding shear strength, rapid direct shear
testing (o, = 0) of laboratory samples (Figure 123) indicated a ratio of 25 to 50% (decreasing as

strength increases), while Figure 124 shows the effect on in-situ-treated clay of varying Op.
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Table 16. Main characteristics of cement grout/mortars (Pagliacci and Pagotto, 1994).

e [ s e [z | e
(-) (-) (-) (sec) (MPa)
A 2.0 1.18 25 12.20
8 | 1.0 1.52 19 20.50
c 0.5 .66 20 22.50
0 0.0 1.80 12 24.30

HYPOTHESIS n* 1

Soit GROUT SOIL + GROUT
+ =

(1) m|  |(vg)m (1 + vg) m

SPOIL SOIL + GROUY

MATERIAL (Vg) m3

IN SITU SOIL + GROUT

MATERIAL (1) m3

HYPOTHESIS n* 2

S01L GROUT SOIL + GROUT
+ =
(1) m (Vg)md (1 +Vg) m
SPOIL SoiL
MATERIAL (Vq) m
W ositu | sort + GRouT
MATER AL (1) m

Figure 116. Hypotheses assumed in soil-cement mortar sample preparation
(Pagliacci and Pagotto, 1994).
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Table 17. Main characteristics of soil-cement mortar samples
(Pagliacci and Pagotto, 1994),

M WBE Soi M| peRCENTAGE

(-) (kN/m3) (-) (1)
HYPOTHESIS n* 1

A 1.68 0.295 36.6

B 1.86 0.313 22.4

c 1.95 0.318 12.6

) 2.04 0.323 0.0
HYPOTHESIS n* 2

A 2.50 0.465 52.9

8 2.50 0.430 30.6

c 2.50 0.413 16.8

0 2.50 0.396 0.0

Table 18. Unconfined compressive strength values for different mortar type, mix hypothesis, and
curing time (Pagliacci and Pagotto, 1994).

HYPOTHESIS n° 1 HYPOTHESIS n* 2
MORTAR
TYPE u.c.s. u.c.S. u.C.s. u.C.S.
7 DAYS 28 DAYS 7 DAYS 28 DAYS
(=) (MPa) {MPa) (MPo) (MPa)
A 0.23 0.60 0.65 1.45
8 0.22 0.54 0.42 1.20
c 0.22 0.49 0.34 0.99
D 0.24 0.60 0.37 0.86
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Figure 117. Unconfined compressive test results on soil-cement mortar samples
(Pagliacci and Pagotto, 1994).
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Figure 118. Results from coring of an improved column and laboratory testing on recovered
samples (Pagliacci and Pagotto, 1994).
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Figure 123. Relationship between qy and s/qu of laboratory improved soil (Saitoh et al., 1996).
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Referring to the relationship between laboratory sample U.C.S. (qu) and field U.C.S. (qug), the

authors wrote:

“The target unconfined compressive strength 1qy of laboratory improved soil is expressed...as

follows:

where A = qu/qu.

A is a coefficient allowing for mixing equipment, construction conditions, ground conditions,
cement type and amount of cement slurry. The data obtained on A through the author’s on-land
work projects is shown in Figure 125. A is in the range of 0.5 to 2.5 for on-land work projects with
the A value for sandy ground remarkably large...(The A factor for sea work projects is reported to
be approximately 1.0). The target unconfined compressive strength for laboratory mixed soil in the
mix proportion test is given by substituting F, ,qq, ¥, p and A given by engineers into the above

equation.”

[ J
2.5 0%, —
- 2 .
> o

= 1.5 A KS Proj.(clayey soil)
AN a® O CC Proj.(clayey soil)
S {be--- 0--_0[:& ....... O3 HS Proj.(clayey soil)
5 &9 O YH Proj.(clayey soil)
0.5t & © @ KB Proj.(sandy soil)
0 @ NT Proj.(sandy soil)

quf (MN/m?)

Figure 125. Data on coefficient A (Saitoh et al., 1996).
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They then experimented in the laboratory with portland cement (OPC) and Type B portland blast
furnace slag cement (PSC). Figures 126 and 127 show the impact of cement type and factor, and

initial water content, calculated as:

W (%) = W, + (1/ps + Wo / 100 - py) X (W/C) X i X 100

Where w = Natural water content (%)
ps = Density of soil particles (g/cm’)
pw = Density of water (g/cm3 )
w/c = Water/cement ratio
o, = Cement factor (kg/m?).

They regard humus content as a most important controlling factor on strength. When the color of
the soil is black (and so is considered to contain large amounts of humus) there is a possibility that
improving the soil with OPC and Type B PSC will be extremely difficult. Tests of such parameters
as pH, ignition loss, organic matter content, and humus content are used to determine this
possibility. Figure 128 compares the sensitivity of these factors. Humus content appears to be the
most reliable test, and soil with a humus content of greater than 0.8% cannot be economically
improved with OPC or PSC. Soils with greater than 6% of organic matter, or having a pH less

than 5, also proved very difficult to treat.

They also demonstrated a 28-day prediction relationship based on 1-day laboratory strengths
(Figure 129). In the field, they take core samples after 5 to 6 days to permit 7-day testing. This is
used to predict 28-day strength (Figure 130). The in situ treated ground is cured at a higher
temperature than laboratory samples, and so the gain of strength is more rapid. The impact of water

content, especially on the slag cement mixes, is also well illustrated.

Chen et al. (1996) reported on the results of laboratory tests on “several hundred” soft clay samples
from different locations in Shanghai. These clays typically have 45 to 50% moisture content,
Plasticity Indices of approximately 20%, and ¢, = 10 to 30 kPa. Using the equivalent of Type 2

portland cement, at cement factors of 160 to 260 kg/m3, and a

189



Qui. 28.ps¢ /"Gy 28 opc

Figure 126. Relationship between initial water content, w;,

qu!, 28 (MN/m 2)

(=T oS Bt S

Figure 127. Relationship between initial water content, w;, and qui28 of improved soil (soil: 32-41

oo (F%]

—

<

R

Key

Qul, 28, 0PC ,qQul, 28, PSC :
qu of 0PC- and PSC-lab
improved soil at 28
days curing time

O
fo ) Oc e - -
Q0 o}
Oom? e}
o0 ©0

o

10

D

50 100

wi (%)
(a) ac=100kg/m?

150

wi (%)
(b) ac=200kg/n’

(soil: 17-28 types) (Saitoh et al., 1996).

o0 100 150 200

wi (%)
(a) Cement : OPC

S NN s Y oo

Key |

® [Oac=100kg/n®
® ac=200kg/n °
o e
o dete
(3 'o L
s 0 %
ﬁ. %88
&% ©

jo)

[ ]
(¢]

0

o0 100 150 200

wi (%)
(b) Cement : PSC

types) (Saitoh et al., 1996).

190

and Qul.28.PSC /qul 28.0PC for improved soil



Key

o] [v) 18] o
& § o 6 o 6 6 O Soil with good
- [} 00 & ° % improvement
§ 4 ? 4 oD 4 o ® 4 ; results
< . 5 P, 88 %00 |®@ Soil with bad
s improvenent
3 2t o @ 2 Qo o 2 % 2j0po0 results
0 [} oo o [+] 0
0 9. N 0 o o 0 o gf 0 () ol .8
0 2 4 6 8 10 O 10 20 3 5 7 9 0 1 2 3
Organic matter Ignition loss (%) pH Humus content (X)
content(¥)

Figure 128. Relationship between chemical properties of soil and unconfined compressive strength
(cement factor: 150 kg/m3) for laboratory improved soil
(soil: 23 types) (Saitoh et al., 1996).

Key
O ac=100kg/m 3 (Clayey soil)
100 ® ac=200kg/m 3 (Clayey soil)

= A ac=200kg/m 3 (Sandy soil) S S RS
1 M B 11 Hi——HH— 0. 434
0. 855 TH Qu28=9.78-qui
10 QU28=6-85'Q}H VL 10 Il 1 Hl
= . L
3! == I = e 0,462
; A — :lulZB:?I-“}O .lqlul1l i Qu28 =2 i 43 i q Ul.
0.1 7 [ [ T 0.1 [T T
0.01 0.1 1 10 0.01 0.1 1 10
qut. 1 (MN/m?) qul.1 (MN/m?)
(a) Cement : OPC (b) Cement : PSC

Figure 129. Relationship between qui and quas for laboratory improved soil (soil: 22 types)
(Saitoh et al., 1996).

191



~ 4 [ ~ 4
o 3 > 3
AN AN
g 2 8 2
o 1 |

0 0

0 50 100 150 200 0 50 100 150 200
wi (%) wi (%)
(a) Cement : OPC (b) Cement : PSC

Figure 130. Relationship between initial water content, w;, and qu28/qu7 for laboratory improved soil
(soil: 39-21 types) (Saitoh et al., 1996).

water/cement ratio of 0.5, the data in Figure 131 were generated. Admixtures were added to
improve early strength (more than 0.8 MPa in 28 days). Reported permeabilities were

10 to 10° m/s.

Gotoh (1996) reported on a series of laboratory tests on samples of alluvial clayey and sandy soils,
volcanic ash cohesive soils, and volcanic ash cohesive soils mixed artificially with mountain‘ sand,
obtained from two Japanese project sites. Four parameters, namely pH value (pH), ignition loss
(L), natural water content (wy), and fines content (F.), were predicted to be the main factors that
could affect the strength of cement-treated soils. The influence of actual cement content on the
treated soils considering the effect of the parameters pH, L;, wy, and F, was defined in terms of
modified cement content (F), and 45 different relationships were obtained correlating the F-value
and the soil strength. The results revealed that the relations between the strength of the improved

soils and F-value based on the combination of pH and L; values were very good. The relationships
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based on pH value only were not as good as for the volcanic ash cohesive soils, and the

relationships based on wy, only, or F¢ only, were found to be very poor.
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Figure 131. Strength of treated soil (Chen et al., 1996).

Asano et al. (1996) reported that the Japanese industry is looking for ways to use surplus coal ash,

and so they began experiments with ash (lagoon), gypsum, and cement to produce the so-called

FGC deep mixing material used in a modified CDM technique. This slurry produces only low

strengths (less than 0.5 MPa) even with high volume ratios (25 to 40%), but (due to pozzolanic

reaction) provides higher than expected long-term strengths. The addition of gypsum in “little”

amounts to flyash and cement was found to increase strength without generating the deleterious

effects noted in Chapter 2.
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Laboratory data for the silty clay soil and grouts are shown in Tables 19 through 22. The optimum
slurry mix (for strength) was Flyash 10: Gypsum 1: Cement x (Figure 132). Cement factor x clearly
controlled strength (Figure 133) of treated soil. Figure 134 shows 40 to 60% continuing strength
increase for normal CDM grouts from 28 to 730 days (presumably due to the pozzolanic reactions
involving the flyash and gypsum components), but no increase after 28 days for FGC and low
strength CDM (70 kg/m® cement factor). Figure 135 shows the strong inverse relationship between

water/cement ratio and strength of treated ground (total water).

A field test was then conducted and cored, and the authors found (Figure 136) that the U.C.S. of the
treated soil was proportional to its calcium content. Figure 137 shows a comparison of U.C.S. from
laboratory and field tests. This ratio was about 20 to 50 percent for FGC and cement slurry, — “well
within the range of past CDM executions,” but about 75% for CDM itself, and 33 to 75% for
“cement mortar.” It appeared to decrease with increasing laboratory strengths. Figure 138
compares E-values, being generally 50 to 300 times U.C.S. for FGC; 140 to 500 times U.C.S. for
normal CDM.

Dong et al. (1996) described a laboratory DM test “to clarify the effects of several factors, the shape
of mixing blade, revolution speed, velocity of penetration-withdraw of shaft, etc. on the degree of
mixing and strength properties of cement treated soil column...” In particular the degree of mixing
and the unconfined compressive strength of the treated soil were addressed. The mixing apparatus
is detailed in Table 23, the composition of the treated soil in Table 24, and the grout mix in Table
25. Various types of counter-rotating mixing blades are shown in Figure 139. A prepared clay-
sand of U.C.S. = 29 kPa was produced and then treated by the 400-mm-diameter counter-rotating

augers to a depth of 1 m. Test variables were as in Table 26. The general conclusions were

e The efficiency of mixing improves with higher rotary speeds.

e The U.C.S. improves with rotary speed (Figure 140), and was higher for thinner blades.
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Table 19. Physical properties of the soil to be improved (Asano et al., 1996).

Specific gravity 2.64
Text.re Clay (%) 580

Siit (%) 352

Sand (%) 6.8
Moisture content (%) 74.88
Wet density (m®) 1.563
Liquid limit (%) 89.6
Plastic limit (%) 37.8
Uniconfined compressive strength (kgf/cm?) 0.51
PH 8.0
Organic content 4.5

Table 20. Physical properties of the materials (Asano et al., 1996).

Average
Material Specific Specific Grain Si02 Al203 Fe203 Ca0 SO3 Ig.
Size
Gravity Surface D50 loss
m?/g pm % % % % % %
Cement 316 3520 - - - - - 23 07

Fly ash 218 2420 313 66 236 24 43 02 23
Gypsum 2.33 920 384 02 03 01330 43 77

Table 21. Blends used for laboratory and in situ tests (Asano et al., 1996).

Stabilizer FGC FGC CDM
Water-stabilizer ratio 1.0 1.0 1.0
FGC content _ 10:1:2 10:1:6 0:0:1

Cement content kg/m> 20 40 70 70 110 140 70 110 140

Table 22. Blends used for slurry pressure feeding test (Asano et al., 1996).

F:G:C W/FGC
0.5 0.6 0.8
10:1:6 (C=70kg/m’) O O O
10:1:4 (C=70kg/m’) - O O
10:1:3 (C=40kg/m’) ®) @) @)
10:1:2 (C=40kg/m’) - O O
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Table 23. Main specifications of the mixing apparatus (Dong et al., 1996).

Specifications
Mixing out put 7.5KW
Rotary speed 5~100rpm
Diameter of mixing | @400~ 700mm
Lifting output 12KW
Lifting speed 1.25~12.5m/min
Mixing container  |Diameter10,00mm,
Height1,100mm
Mixing blade 4 kinds, @ 400mm in diameter
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Table 24. Mixture ratio of ground material (kg/m>) (Dong et al., 1996).

Table 2 Mixture ratio of ground material (kg/m’)
Clay sand  |Quick-hardening cement| Water
1,260 32 505

Table 25. Mixture ratio of slurry cement (kg/m>) (Dong et al., 1996).

Table 3 Mixture ratio of slurry cement (kg/m’)
W/C(%) | Quick-hardening Water
80 44.704 35.763

(¢) TypeB-I(thick blade)  (d: TypeB-2(thin biad:)

Figure 139. Types of mixing blades (Dong et al., 1996).
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Table 26. Test conditions (Dong et al., 1996).

Table 4 Test conditions

Test | Shape of | Rotary speed | Lifting speed | Total number of |Injecting velocity |Injecting volume of]
No. {Mixing blade (rpm) (m/min) blade revolution of slurry slurry
(cycles/min) (V/min) (Vone column)
1 | TypeA-l 30 1. 0 60 28 28
2 | TypeA-2 30 1.-0 60 28 28
3 | TypeA-2 15 0. 5 60 14 28
4 | TypeA-2 30 0. 5 120 14 28
5 | TypeA-2 45 0.5 180 14 28
6 | TypeA-2 60 0. 5 240 14 28
7 | TypeB-1 30 1. 0 90 28 28
8 | TypeB-1 30 0. 5 180 14 28
9 | TypeB-1 60 1.0 180 14 238
10! TypeB-2 15 0.5 90 14 28
1 1] TypeB-2 30 0. 5 180 14 28
12| TypeB-2 45 0.5 270 14 28
13| TypeB-2 60 0. 5 360 14 28
& 250
‘é - m TypeA-2 4
5 F A TypeB-1
E 200 ¢ A TypeB-2 &
B A A
g & :
,‘ms 150 -
§ 100 + % .
& ! A
§ 50 : .
E [ : n [ |
g 0 " 8
= 0 20 40 60 80
Rotary speed (rpm)

Figure 140. Relationship between rotary speed and improved strength (Dong et al., 1996).
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o The U.C.S. improves with the number of blade revolutions per given length of
penetration (Figure 141) (and so is inversely proportional to penetration rate).

e 7-day tests showed tensile strengths to average 29% U.C.S.

o The Type B-2 blade (Figure 139) seemed to be the most efficient.

Master Builders Technologies (1998) found that by using their clay dispersant, U.C.S. could be

doubled, or twice the amount of clay could be treated using only 60% of the initial cement factor.

During 1998 and 1999, Al-Tabbaa and various coworkers at Cambridge University, England,
reported on a long series of laboratory and field tests, conducted jointly with a specialty contractor,
May Guerney, Ltd. (Al-Tabbaa and Evans, 1998; Al-Tabbaa et al., 1998; Al-Tabbaa and Evans,
1999a and 1999b). The initial “treatability study” was reported by Al-Tabbaa and Evans (1998).
Site soils (Figure 142) were mixed in the laboratory with a variety of grout mixes (Table 27). The

grout w/c ratio (0.42) and volume ratio (20%) were constant.

Regarding U.C.S. and dry density data, data are shown in Table 28 (28 days). Regarding durability,
both wet-dry and freeze-thaw tests were conducted at 28 days (Table 29). All mixes survived all 12
cycles of wet-dry (maximum loss of 3.0%) but all failed the freeze-thaw test (ASTM D4843 and
D4842, 1988 and 1990, respectively). Permeabilities of 0.48 x 10 to 1.90 x 10°° m/s were
recorded, with coefficient of compressibility of 1.06 x 10 to 2.49 x 10" m¥kN.

Based on these tests, three further mixes (Table 30) were developed to improve freeze-thaw

behavior and reduce permeability. (Mixing is assumed to be manual.)

Al-Tabbaa (1999) reported on laboratory auger mixing tests in stratified sand. Uniform fine-
medium sand, and coarse sand, were mixed at moisture contents of 10% and 30% (saturated). Data
are provided in Figure 143. Strengths in coarse sand were appreciably higher, while all strengths

increased with increasing cement:ash ratio and decreasing water:solids ratio.

202



250
o A
a
=3
T
E 200 A
T A A
o OO U
=) Standard strength q u7day = 16kP
§ 150+ gin q urcay 2
7]
g
g ]
s 100 ]
g 2
8 O O Type A-1
el
2 ] Type A-2
£ 50- B
5 A B g & Type B-1
5 ad A TypeB-2
O T T T T T T T
0 50 150 200 250 300 350 400
Total number of blade revolutions (cycles/m)

450

Figure 141. Relationship between unconfined compressive strength and blade revolutions
(Dong et al., 1996).

160

N . S

T [[an;;:

nd and

——
gravelt

80

i i
R
7

70

S

60

[ i
Made ground-—

50

'

40

Percentage passing

30

20

1-0
Particle size: mm

10

100

[Fine [Medium] Coarse | Fine | Medium [Coarse ]

Sand

Grave!

Figure 142. Particle size distribution of the two main soil types in the trial pit
(Al-Tabbaa and Evans, 1998a).

Table 27. Details of selected mixes (Al-Tabbaa and Evans, 1999b).

Nix | Cement:pfalime | Water:dry grout | Soiligrout
A 2:8:0 0-42: 1 5:1

B 3:8:0 0-42:1 5:1

C 2:5:8:04 0-42:1 5:1

D 3:8:01 0-42:1 5:1

pfa = pulverized fuel ash.
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Table 28. U.C.S., dry density, and leachate pH values of soil-grout mixes
(Al Tabbaa and Evans, 1999b).

UCS: kpa Dry Density: kg/m® Leachate pH
Mix | Made ground ‘ Sand and gravel i Made ground i Sand and gravel D Made ground | Sand and gravel
A 362 385 1584 1813 6-3 92
B 310 1042 1513 1816 77 93
C 418 495 1534 1824 90 105
D 302 i 315 1549 1844 86 9-6

Table 29. Percentage cumulative mass loss in wet-dry durability tests on soil-grout mixes (Al

Tabbaa and Evans, 1999b).

Mix

Made ground

Sand and gravel

OoOowx»

39
0-0
1.0
12

0-4
01
01
0-2

Table 30. Additional soil-grout mixes selected for the site trial

(Al Tabbaa and Evans, 1999b).

Mix Cement:pfa:lime:bentonite Water:dry grout Soil:grout
E 2:5:8:04:0 042:1 3:5:1
F 2-5:8:04:0 03:1 39:1
G 8:0:0:08 16:1 2:8:1

pfa = pulverized fuel ash.
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4.4 Special Field Tests

Ryan and Jasperse (1989) and Taki and Yang (1991) reported on the use of SMW equipment to
create “honeycombs” of treated soil columns, and a hydraulic cut-off, in fluviolacustrine and
lacustrine alluvium and outwash sands and gravels under Jackson Lake Dam, WY (Figure 144).
The project featured 0.91-m-diameter columns to 33 m depth. A minimum shear strength of 1.4
MPa was specified. A pre-construction test section, and an extensive quality control program were
carried out, particularly related to the strength of the treated soil. Two thousand wet samples were

made and 70 core holes were drilled to provide 150 samples for testing.
The major conclusions were:

e Samples continued to increase in strength for at least 112 days (Figure 101).

e Water/cement ratio is the key determining factor in controlling strength, even more than cement
factor (Figure 94).

e Laboratory samples conservatively predicted field results from wet grabs (Figure 145) and wet
grab samples generally have lower strengths than cores (Figure 146) (Ryan and Japsperse
concluded this was “probably because of excellent in situ curing conditions..., a cool, moist

environment”).

The production slurry mix had a water/cement ratio of 1.25, and a cement factor of 300 kg/m>

(down from 400 kg/m”> at a water/cement ratio of 1.3 5).

Shear strength was determined from triaxial and direct shear tests to be about 33% U.C.S. Taki and
Yang (1991) showed the data against the SMW international “database” assembled to that point.
This would appear to show an average wet grab strength of 3 to 4 MPa and a core strength of 5 MPa
(Figure 147).

Taki and Yang (1991) also described the SMW treatment conducted at the EBMUD Wet Weather
Storage Basin Project, Oakland, CA. A 12- to 14-m deep excavation was required through soft to
medium highly plastic silty clay (San Francisco Bay Mud) (Figure 148), and a
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Figure 144. SMW work for Jackson Lake Dam Modification Project, WY
(Taki and Yang, 1991).

PSi
( kPa)

> 700
g (4830)

AYS)

©-066—-O

600
(4150)

o

500
(3450,

400
(2760

300
(2070)

UNCONFINED COMPRESSIVE STRENGTH (28

LAB. TEST FIELD
CEMENT 150 LB/FT (220 kg/m)

w/C 115

Figure 145. Laboratory strength vs. field strength of wet samples (Ryan and Jasperse, 1989).
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relatively impermeable earth retention system was needed. A cement factor of 290 kg/m’ (plus 5 kg
bentonite) was used at a water/cement ratio of 2.3 to provide the target U.C.S. of 0.5 MPa. Wet
grab samples provided the strength and permeability data of Figure 149.

Yang and Takeshima (1994) described SMW treatment through glacial deposits comprising
recessional outwash, lacustrine deposits, and lodgment till (Figure 150) at Lake Cushman Dam,
WA. The outwash was mainly dense to very dense fine to coarse sand, and the lacustrines were
stiff to very stiff clayey silt, silt, and medium dense to very dense sand. The till was similarly very
dense with a permeability ranging from 10*to 10”7 m/s. A total length of 116 m of 0.61-m-wide
wall to a depth of 43 m was created. Initial tests on treated soil gave U.C.S. = 0.7 to 1.2 MPa and
based on these data, mixes with cement factor 350 to 550 kg/m® were selected. This provided

treated soil U.C.S. values of 0.6 to 4.8 MPa and permeabilities of 2 x 107 to 6 x 10 mys.
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Futaki et al. (1996) installed 1-m diameter test columns at two different sites (Figure 151) ekhumed
them, and tested the full size columns with a prototype unconfined compression test. Twenty-five
cores were also tested for comparison. The full-scale columns were trimmed to 2 m length and
gave peak strengths of up to 2.3 MPa (Area A) and 4 MPa in Area B. Both exhibited brittle failure
characteristics. They also found that the strength decreased as specimen size increased. Figure 152
shows the variation of U.C.S. with depth, and Figure 153 shows the derived relationship of U.C.S.
and Eso (144 to 209 times U.C.S.).

Walker (1994) described tests on DSM treated soil at Lockington Dam, OH. The DSM method was
used to create a cut-off through 6 m of an existing dam core. The material consisted of medium-
dense gravelly sand to sand gravel to 1.5 to 4.3 m depths overlying loose silty sands, sandy silts,
and silty clays. The specifications called for a residual in situ permeability of 10 m/s and a cement

factor in place of at least 6% (about 100 kg/m>).

A laboratory program was established to determine an appropriate mix design (Table 3 1). Testing
was based on ASTM 1633 for U.C.S., and ASTM 5084 for permeability (triaxial [flexible wall]

permeameters).

Desiccation tests were also run on Mixes 1A and 4A from Table 31: over 2 weeks moisture contents
reduced 4 times to 7 to 8% but without sample deterioration. Mix 1A was selected for production
on the basis of its higher strength. Field tests on wet grab samples gave the results shown in Table
5.

Takenaka (1995) presented data (Figure 154) on the relationships between apparent cement factor,
strength, age, and soil conditions (Table 32). These data refer to only the “normal” soils, and not
those with high organic contents described in Chapter 2. Amid the great variability, it may be noted
that the impact of raising the cement content may only be apparent beyond a 7-day cure period.
Strength gain from pozzolanic reactions may be expected long after the 60 days shown in

Figure 154. The variability in soil properties underlines the need to thoroughly investigate each site

individually prior to predicting likely mixed soil parameters.
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Figure 153. Relationship between q, and Esy (Futaki et al., 1996).
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Table 31. Trial soil-grout mix proportions and properties (Walker, 1994).

SLURRY AND
GROUT 1A 24 3A 4A 5A 6A 1B B 3B 4B sB 6B
PROPERTIES
Soil Sample SP-SM SP-SM SP-SM SP-SM SP-SM SP-SM SP-SC SP-SC SP-SC SP-SC SP-SC SP-SC
Grout Ratios
oW 33 3 25 19 19 14 33 33 25 19 19 14
BIW 4 4 6 6 6 7 4 4 6 6 6 7
G/S 2 37 31 30 34 29 ) 3 31 30 34 29
VISC fgﬁ)@ 600 99 103 | 140 | 153 | 167 | 186 99 103 40 | 153 167 | 186
UNIT WEIGHT 192 | 192 | 200 | 197 | 184 | 136 1.94 1.94
(t/m”)
USC (KN/m?%)
3days | 136 | 150 | 140 66 94 s3] 12 132 138 9% | 114 98
7days | 358 | 353 | 212 75 | 138 57 76| 240 | 203 | 120 ] 136 82
28days | 411 | 406 | 276 | 103 | 241 | s 2| 20| 91| 18| 147
60 days 330 121 217
CEMENT
CONTENT % BY
o 59 6.5 45 35 39 26 6.5 35
SOILCRETE
PERMEABILITY | 091 | 0195 | 0290 | 0310 | 0691 | 0.192 . 1.02 ; 0.175 . .
(cm/sec) x 10
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Table 32. Physical and chemical properties of pre-improved soil
(Takenaka,1995).

Physical Properties

Chenical Properties

Grain Size Atterberg Organic Matter
Distribution Limit " Content -
D [~ =
- o Bl [
— kA - - [ <
@l w 2 1= 2 |a 5 2l |o =
Sle =X —~ E | E Al& S “% |&8%| 8= {T =witm ! % | Bw
Sl =2 Sl | D x| e fZ |22 12 THEE | v o2 B | S
Name |& - Qlm— o ~ ~ ~l> alu vl g oj3z U - U ol @ ) o
§—|n S|GZIC E2 RS2 |9 | 5= 28§ 25 {5 S22 3 @ 3
o - & 3 —~ o= |lwe=ly — = Pt = g2 |« 2 w| = = =
=] ) ™~ At T w o ] =} ) = - X Q s 3 >
wn - ] 3 ! [ed - a — U — fugpr=y ] © Wi — — — )
~ w (T2 ) — w (=% ) w3 = s 3 vt £ 3 < x
—~— -~ ~— (-8 o v = - (=) O E g o % | o N v a
Py S n — - < ©
a. EYl '8 [=] = L
= 2 3
Lo}
=
A"“"r_"l ©|( L) 34.0 | 43.0| 23.0}230.0{72.6 |157.4|2.434 |305.} | 114.8]11.9 |11.2 |2.90 [0.80 | 0.01{0.31 [0.41 |[4.5
Ak‘t_al ®|(L)| 5.0|33.0] 62.0{100.4] 36.2| 64.2(2.60] {100.1 | 78.9| 9.5 | 6.6 [1.87 [1.02 | 0.00] 0.05]0:]2 [3.4
Ibara.gl‘(D(L) 4.0 43.0] 53.0[107.9| 38.8| 69.0/2.625]157.7 | 90.1|12.3 | 5.0 |0.92 |0.79 | 0.01] 0.04[ 0.10 |4.3
x"a""igZ’&B(L) 9.0 | 33.0| 58.0 78.3 31.7( 46.6{2.625( 92.4 | 61.9 | 11.5 | 6.4 |2.37 [3.60 | 0.0l 0.02| 0.04']a.]
T°"”El Of(P)| 1.0 4l.0! sB.0f 90.5 35.2| 55.3{2.746| 99.6 | 71.0| 5.4 4.7 ]0.39 Jo.12 | 0.88| 1.48| 2.77{7.2
Tokyo I@(L)]14.0}55.0| 31.0[ 52.4| 28.0] 24.4|2.720| 62.8 | 49.7| 4.4 | 3.4 |0.30 [0.40 | 0.05] 0.20] 0.40 |7.8
Toko
okyo
-3 |®{(L)|25.0 | 61.0] 14.049.3 | 2].5| 27.8/2.728| s8.4 | 36.9| 4.4 | 3.5(0.37 [0.25 | 0.01| 0.50] ].00 [3.8
Tokyo
y-4 ©O|(L)| 1.0 45.0( 54.0{85.1 | 29.7| 55.4| 2.661{ 86.3 | 70.6 | 7.8 | 4.2 |0.26 [0.20 | 0.01[ 0.15] 0.34 5.9
Ch’ba_l @!|(P)| 2.0 s0.0| 48.0{95.7 | 3].7| 64.0{2.749(123.0 | 72.4| 9.0 | 3.1 {0.39 [0.08 | 2.33] 0.30| 4.58 {7.5
Ch"baz ©{(P)| 44.0| 32.0| 24.0[55.8 | 24.0{ 31.8{2.692| 61.0 | 44.6| 9.9 | 4.1 {0.34 Jo.29 | 0.04] 0.02} 0.14 [6.6
Ka"agi"fO(P) 16.0 [ 54.0{ 30.0{91.0 { 31.5| 59.5/2.739(109.7 | 87.2] 6.3 | 4.3 0.71 Jo.04 | 1.86] 0.22] 3.46 |6.7
'K""agi;a@(p) 8.0 | 4s.0| 47.0[85.0 | 33.3{ 51.7{2.716] 97.1 | 63.9| 7.3 | 3.6 [0.28 |o.11 | 1.31] 0.21| 2.66 |7.3
Aichi '
e AlP)| 5.0 61.0] 34.0[83.4 | 23.4] 60.0(2.724] 99.3 | 62.7]| 6.6 | 3.3 |0.60 |0.02 | 1.59] 0.25 3.12 |7.4
Aichi
T AP 23 0| 73.0{ 5.0[46.0 | 25.4] 20.6/2.773| 54.4 | 32.8 | 5.1 | 3.6 |0.36 |0.02 | 1.45| 0.23 | 2.86 7.2
Hie -1 |&l(P)| 20,0 s9.5| 11.5(46.9 | 27.1] 19.8/ 2.741| s6.7 | 28.9| 6.4 6.0 |0.39 |0.03 | 0.92] 0.20] 1.87 |7.3
Mie 3 Iol(L)| 15.0] 61.0} 24.0|80.0| 32.5] 47.5|2.608[122.2 | 60.4| 9.1 | 6.8 [1.58 J0.76 | 0.14| 0.00] 0.27 3.9
Osaka Iglp)| 2.0| 62.0] 36.0 61.2| 24.3] 36.9]2.695| 55.8 | 49.3| 5.6 | 4.7 |0.33 0.06 | 0.08] 0.21] 0.58 |7.3
05“32 M|(p)| 5.0]4l.0] s4.0{95.0 | 29.9| 65.1|2.693|113.5 | 76.5| 9.1 | 3.8 |0.37 J0.07 | 1.94| 0.21}3.79 |7.5
Hyogo
Y% 1ale)! a0 33.0| 64.0 116.1 32.5| 83.6{2.731{118.5 | 87.6 | 9.3 | 4.5 |0.45 [0.10 | 2.25[ 0.26 | 4.40 {7.4
Hiroshimairgip)! 3.0 | 61.0] 36.0{121.0 36.1| 84.9|2.677|136.3 | 89.9 | 8.4 | 4.9 |0.54 lo.01 | 1.85] 0.35| 3.64 |7.2
Fukuoka 1¢51(P)124.0 | 64.5| 11.5| 41.5{25.5] 16.0[2.705 | 55.8 | 28.3 | 5.4 | 1.2]o.14 [0.01 |0.92] 0.25 |2.04 7.1
F N
ukuok? (@ lipy| 2.0f 65.0| 33.0| 93.1[25.2 67.92.664 |1as.2 | 87.2 | 5.0 | 3.4|0.36 Jo.0z | 0.01 | 0.0a |5.75{7.2

" Note: (P)...Scils below sea bottam
(L)...0riginally marine soils now on land
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Uchida et al. (1996) described the massive CDM treatments for the Trans Tokyo Bay Highway
Project (Figure 155). The maximum depth of water is 30 m. The work was completed in 1994.
DMM was used in three areas, in two styles, for a total of 1.837 million m’ of treated soil

(Table 33).

At Ukishima, 1,248,000 m’ of “low strength” DMM was used in the soft clays to facilitate

subsequent shield tunneling. The target strength was 1 to 3 MPa, the cement factor was 69 kg/m’,
and the water/cement ratio = 1.0, to promote uniform mixing. Verification was provided by UCT,
and CUTC testing on “RCT” samples (assumed to be cores). PS logging was also used to confirm

treatment homogeneity.

At Kawasaki Island, 132,000 m of clays were treated to provide “ordinary type DMM” (i.e.,

cement factor = 137 kg/m3, water/cement ratio = 1.0). Subsequent excavation allowed the
surprisingly good homogeneity of the treated mass to be demonstrated. A series of TC tests was
conducted, as were field seismic surveys (refraction). A further 168,000 m’ of soils were treated

using the “low strength” DMM.

At Kisarazu Island, 289,000 m® of “low strength” DMM was conducted to treat soft clays.

Unami and Shima (1996) provided further details of the low-strength CDM as used at the Ukishima
site. The work was conducted by an 8-shaft, barge-mounted machine through a water depth of over
21 m (Figures 156 through 158). Mix design was as shown in Table 34. “Undisturbed” 86-mm
triple tube cores were sampled “continuously” (Figure 159) to provide U.C.S., E, and strain data to

supplement natural water content and wet density data.

They concluded, inter alia.,

Epox = 107.19 X Qumax
Eoex = 1.43 x B

where E¢= dynamic Young’s modulus.
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Table 33. Ground improvement techniques by cement-treatment used for the TTB highway project
(1.0 kgf/cm? = 98 MPa) (Uchida et al., 1996)

Cement-treatment|  Mixing proportion Construction site | Volume

method (x1,000m3)
Ordinary type |cement: 1.372kN/m3 {Kawasaki 132 | «
DMM wic ratio: 100% jman-made island

Low strength |cement:  0.686kN/m3 [Ukishima m-m isL 1,248 | -
type DMM wic ratio: 100% |Kisarazu m-m isL 289

Kawasaki m-m isl. 168 |+
Slurry mixture [sand: ~ 11.535kN/m? |Kisarazu m-m isL 1,028
cement-treated [cement:  0.980kN/m? [Ukishima m-m isl. 351

sand clay: 1.078kN/m3 [Kawasaki m-m isL 118
sea water: 0.495kN/m?$

Dry mixture |sand:  13.034kN/m? {Kisarazu m-m isL 435

cement-treated |cement:  0.980kN/m3

sand anti-segregation

adhesive: 1.078kN/m3
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gy RIS s )
o AN ST e wall= gy 31
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Figure 156. Plan of DMM execution area (Unami and Shima, 1996).
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Table 34. Design of mix proportion for permanent DMM piles (Unami and Shima, 1996)

Layer| Deposit Original .
Matenia 4 ﬁleplayer grounglllexyer Appendix
Cement 70 kg 110 kg
Water 70 kg 110 kg
" C equals to
Additive agent |C x 0.25% |C x 0.25% |the quantity
of cement
Owe Natural water content Wet denaity Unconfined compreasive strength Modulus of delormation Sthrlgli: reof
(%) (kg/em ") (kg/em *) kg/em ") (%)
b 30 4 K0 1000

2 40 60 80 XD T 1) _[1214 16 18
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Figure 159. Diagram of post execution laboratory test for DMM improved soil
(Unami and Shima, 1996).
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For the evaluation of in situ U.C.S. (qr)
qr = (0.013 x E*914)064

and also reflects RQD (Figures 160 and 161). The authors concluded that “the evaluation of quality

of the improved soil with the elastic wave velocity seems to be a useful tool.”

Min (1996) described extensive field testing prior to using CDM for 60,000 m> of treatment in soft
silts, with sandy layers, at Yantai Port, PRC. Laboratory tests were first conducted on 384 samples.
They found that the 90:28-day U.C.S. ratio was 1.5 for silt and 1.4 for low plasticity silt (Table 35)
and recommended that the mix comprise portland cement Grade 425, a cement factor of 170 to

190 kg/m’, and a water/cement ratio of 1.3.

In subsequent production, the parameters were revised three times, as shown in Table 36 and Table
37 (Double Tube Core Barrel) in order to optimize the process and achieve the target U.C.S. of 2.5
MPa. For the low water/cement mixes, 3% calcium lignosulfonate was used as a plasticizer. This
was an excellent demonstration of the influence of cement factor and water/cement ratio on strength

development and of the value of a meticulous, well-conceived, and responsive rolling test program.

Mizutani et al. (1996) described the results of a field test designed to demonstrate a relatively new
DMM variant (Method 12). Six columns were installed in the clayey soils detailed in Figure 162,
each 1-m square and 5.8-m deep, using the installation parameters of Table 38. Major conclusions

were:

 Cores were taken both vertically and horizontally (Figures 163 through 165), which led to the
conclusion that the columns were of uniform strength throughout.
e Core recovery was everywhere in excess of 92%.

 The variation in U.C.S. values was within the usual 20 to 40% range for DMM.
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Table 35. Properties of submarine soils at Yantai Port (Min, 1996),

Description Water | Specific . Mineralogical Organic Humus | pH Soluble

of content | gravity | Activity composition content | content | value salt

soils (%) (mS/cm) (%) content

main | secondary (%)

Silt 32 2.68 0.76 quartz | grundite, 1.51 0.063 7.46 0.434

chlorite

Silt of low 28 2.67 0.77 quartz | chlorite 0.7 7.70 0.210

plasticity

NOTE: + The activity of a soil is evaluated by its conductivity.

Conductivity < 0.4 mS/cm = non-pozzolana; 0.4mS/ecm < conductivity < 1.2mS/cn
ordinary pozzolanicity; conductivity > 1.2mS/em =

good pomolanicity

"

Table 36. Readjustments of mixing ratio and mixing procedure (Min, 1996),

Amount| Water | Admix- Penetration Withdrawal
of con- ture Reasons of readjustment
Time cement | tent (%) gpeed revolution apeed revolution
(kg/m3) | (W/C) (m/min) | (r.p.m.) (m/min)| (r.p.m.)
Dec. 1992 190/170 1.3 / 07, 1.0 25.4 1.0 254 Based on laboratory mixing
ratio test
Apr. - June Strength low and poor
1993 200/180 1.0 / 0.6 25.4 1.0 50.8 uniformity according to the
first test on field samples
duly - Sept ) Strength still lower than
1993 230/170 0.9 3 0.5 25.4 1.0 50.8 required according to the
second test on field samples
After Sept Strength a bit higher than
1993 190/160 0.9 3 0.5 25.4 1.0 50.8 required according to the
third test on field samples

224




Table 37. Field sampling and results of laboratory strength tests (Min, 1996)

WS;mpliI:\g Borehole | Amount of Water/ | Amount o;"l;n: o-f_ (‘DAMA';‘u;u_:A _of Ag_b - Sumph;:g Numbcr;)f [ u;;ve;a:;ct'“‘
number | number cement cement | admixture | operation sampling rate samples strength
( kg/m3 )| ratio (%) (djmjyr) | (d/mfyr) | duy (%) ( MPa)
1 1 170/160 13 / 1 7.12.1992 3.4.1993 88 78 22 0.21-21.62
N 2 200/180 1.0 / o 17. 44]993_ B i‘l“& 6.1993 62 10(; - 24 1.81
! 3 200/180 1.0 / 13. 4.1683 20. 6.1993 | 68 100 24 2.26
i 4 2300170 0.9 ““3 20.“'.7.;&;937 - 18. 9.1993 -b(; M_:JI)VO_ e “]_8__‘~‘ _;.—OTZ— N
5 | omo | o0s s | |woease e | wo | oz | 24
! T [ os | s |6 rmmm |monws |6 | w0 | m | am
7| momo | 10 T e |zoemem | e | w | wm | am
s e | 0s | 5 | moowws |wawew | @ | we | w | zm |
i " o | wono | os | a | wows |ewmen | e | w0 {""”{{ e

NOTE: « Strength differs greatly as the mixture is not uniformly mixed.

Depth Soil ThicknessSPT N-value
() profile (n) ‘l,olzlo,:lo’“'“"'"
reclaimed soilj 0.5 R

/ “/ Lanto loam 11 [P /
= /
OB teftaceous S /
b = clay R A /
§ R

[ I S Rl S

8 fine sand Lottt

soil w G, w. w, [ grain size(%)
type (%) (%) (‘73) sand silt clay

94 6 56 38
9.6 14 56 30

loam 129.9 2.67 179.6 82.

48
clay 542 2.67 90.8 47.2 4

NOTE: w : water content
G, : specific gravity
w, : liquid limit
w_ : plastic limit

: plasticity index

Figure 162. Soil profile and parameters (clayey soil) (Mitzutani et al., 1996).
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Table 38. Installation records (Mizutani et al., 1996)

exccution rate stabilizer
(m/min) " rL.p.m. amount type
penet-  pu

ration  -out (ngm3)

0.5 1.0 30 100,200,300 cement-type

qu (kg/cm?)

0( 1020 30 40 50
a0
S T
S
= § - A% ---------
S p Bl
=g [Quiddle rag’
Acprner o a4
; pLIE

Figure 163. qy distribution (Mizutani et al., 1996).
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Figure 165. q, distribution in section (Mizutani et al., 1996).
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e Figure 166 shows the relationship between U.C.S. and cement factor for laboratory specimens.
The field core strengths were 75% (loam) and 60% (tuffaceous clay) of these values compared

with the 20 to 33% ratio often reported elsewhere for other DMM techniques.

A further 20 columns, each 1-m-square and 40-m deep, were installed in loose, alluvial sand

(Figure 167). The data (Table 39) from cores taken axially and laterally indicated:

e Reducing the cement factor from 200 to 150 kg/m® led to a major strength reduction.
e Silty sand gives noticeably lower strengths than cleaner sand.
* Raising the water/cement ratio leads to lower strength (in the range of 1.0 to 1.2). (Volume

ratios varied from 25 to 44 percent.)

Takenaka and Takenaka (1995) described a test of the distribution of direct shear strength under
“controlled” field conditions (Figure 168). Given that all the data showed a great scatter, there is
some, slight indication of an average reduction in strength toward the perimeter. (This very much
reflects the soil and the mixing characteristics: Lambrechts (1999) believes that this contrast in

strength would be much more pronounced in the SMW work conducted in the clays in Boston.)

Yoshida (1996) reported on direct field experiments to investigate the interface shear strength
between adjacent 1-m-diameter columns (Figure 169). The evidence suggests that interlock shear
strength was only 70% of column shear strength up to a 4-day overlap interval. At an interval of 6
days the shear strength was zero. This conclusion appears to be supported by data from Saitoh et al.
(1996), who also highlighted the lower U.C.S. values obtained at interfaces in four different soils
(Figure 170). This is important where designs feature mechanical shear between adjacent columns

that may be separated in construction by considerable time.
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Figure 166. q, by laboratory mixing test (Mizutani et al., 1996).

Depth Soil ThicknessSPT N-value
(n) profile (n) by
reclaimed soil] 0.7 v

Column

silty sand 2.1

fine sand 9.9

O -4 O N B D D —

3 sandy silt

Figure 167. Soil profile (sandy soil) (Mizutani et al., 1996).
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Table 39. Comparison of q, value (Mizutani et al., 1996)

cement location w/C
factor  Soil.  middle comer 100(%)120(%)
silty sand 80 --—- 7.6 8.3
150 _ sand 15 --—— 153 -—-
(kg/cm?) average 89 --—- 95 83
silty sand 138 169 187 12.1
200 . sand 307 322 355 292
(kg/cm3) average 222 264 271 219
silty sand  19.1 33.8 283 154
300 , sand 266 274 325 26.3
(kg/em?) average 236 295 291 243

NOTE: All units are in kg/cm2

25¢ (3 A4-2
n=108 )
204 ;=998 k N/m?
. 0=270 kN/m?

- 1 V=0.270
o 15}¢
L ]

5} [

0 | .
0 500 1000 1500 2000
Ditect shear strength 7¢ {k N/m?)

{c) A-14.2
20 n=108
Tr=1267 kN/m?
15} 0 =396 x N/m?
! v=0313

Frequency
=

e

0
0 500 1000 1500 2000 2500
Direct shear strength 7y (x N/m?)

Site: Koto-Ku, Tokyo

Figure 168. Distribution of shear strength — a trial study (Takenaka and Takenaka, 1995).
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Figure 169. Relationship between shear strength and interval of lapping (Yoshida, 1996).
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Figure 170. Interface shear strength (Saitoh et al., 1996).
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Various authors, including Nicholson and Chu (1994), Yang and Takeshima (1994), and O’Rourke
et al. (1997) have described the construction of an SMW wall for earth retention at the Boston
Central Artery CO7A1 Contract at Logan Airport. This cut and cover tunnel excavation was about
1130 m long, and from 12.5 to 26.5 m deep. “Buttresses” of treated soil were also designed to
provide remedial in situ support to the base of the excavation (Figure 171). Figure 172 shows a
typical geological sequence, and Table 40 provides additional data. The target minimum design
strength was 0.6 MPa, and cement factors were varied along the wall in response to site conditions

from 200 to 350 kg/m® as shown in Figure 173.

O’Rourke et al. (1997) summarized that field strength data were obtained from unconfined
compressive tests on 75- and 150-mm-diameter specimens made from wet grab samples. There
was no significant difference in the mean and variance of the two data sets, indicating that 75-mm-
diameter specimens were equally as effective as 150-mm-diameter specimens in evaluating field

strength characteristics. Little increase in strength was recorded after 7 days.

The average strength of all specimens prepared from field samples was on the order of 3.8 MPa,
with a coefficient of variation of roughly 0.48. The average q, value from specimens prepared from
columns in which grout was injected only on the upstroke was approximately 6.2 MPa, which is
60% larger than the overall average from all field samples. The coefficient of variation for the

upstroke samples was 0.41, only slightly less than that for all field samples.

The volumes of the DMM elements and the records of grout pumped during installation were
reviewed to estimate the amounts of cement that could be in place. The calculated apparent cement
factor did not correlate strongly with the measured strengths, probably due to construction and
recording variations. However, when apparent cement factors were between 250 and 350 kg/m’,

the DMM unconfined compressive strengths were between 2 and 9 MPa, which was satisfactory.

There was a limited correlation between strength and total unit weight (Figures 174 and 175) of

field samples, with variations in unit weight accounting for roughly 50% of the strength
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Figure 172. Longitudinal soil profile for MLT stations 156+00 to 163+00- east wall
(O’Rourke et al., 1997, after Haley & Aldrich, Inc., 1991a).
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Figure 173. SMW strength and cement factor (Yang and Takeshima, 1994).
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Figure 174. Unconfined compressive strength as a function of total unit weight for data
involving different installation procedures (O'Rourke et al., 1997).
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Figure 175. Unconfined compressive strength as a function of total unit weight for screened data
set (w/c=1.0:grout on upstroke only)(O’Rourke et al., 1997).
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variation. The average field DMM total unit weight was 14.7 + 1.3 kN/m®. This is nearly 20% less
than the typical 18.5 kN/m? total unit weight of marine clay.

Undrained shear test results are provided in Table 41. E-value/U .C.S. relationships for laboratory
prepared and cured samples are shown in Figure 176 (Eso = 50 to 150 x U.C.S.).

Data from laboratory-prepared soil-cement samples were reviewed to evaluate the effects of mix
properties on strength (Figures 177 through 182 and Table 42). The test specimens were prepared
at a range of cement factors, which included cement factors comparable to the apparent cement
factors determined from field records. Laboratory strengths were strongly dependent on water
content. The laboratory data indicate that cement factors in the range of 200 to 250 kg/m® at
water/cement ratios of 1.25 resulted in U.C.S. of 1 t0 2.2 MPa. Strengths of 1.5 to 3.3 MPa were

attained at cement factors of 300 to 400 kg/m? at water/cement ratios of 0.8 to 1.0.

Two important comparisons were made between the unconfined compressive strengths obtained
from laboratory and field test programs. First, the laboratory specimens showed that strength
increased with cure time. This is consistent with well-established trends reported from several other
experimental programs, and is consistent with general concepts. In contrast, the field data show no
significant difference between strengths for different curing times. Secondly, the variability of the
laboratory strengths was less than that of the field samples. Coefficients of variation for the
laboratory data, determined for each cement factor and water/cement ratio subset (with varying cure

times), consistently were lower than the coefficients of variation of the field samples.

The large variability in field strengths may be a result of a) variability in the field mix
characteristics, b) variability in field specimen preparation, curing, and handling, or ¢) a
combination of mix and field sample control. Close quality control of field sampling, specimen

preparation, and specimen storage is necessary to reduce strength variability.
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Table 41. Comparison of shear strengths from linear and nonlinear strength envelopes

(O’Rourke et al., 1997),

Confining Stress Shear Strength on Failure Shear Strength on Failure
kN/m2 Plane from Nonlinear Envelope | Plane from Linear Envelope
o3 kN/m2 2 kN/m2 b
0 758 + 103 758
34.5 896 + 103 806
172 1034 + 103 1000
a - Range given by GeoTesting Express (1994)
b - Determined with Equation 5.2 and ¢ = 461 kN/m2, ¢ = 40°
(psi)
0 100 200 300 400 500
400000 I ) ] 1 '
Egp =150 q 50000
— 300000 40000
o~
E —_
o
u_'f’ 20000
100000
10000
0 0
0 1000 2000 3000 4000

Unconfined Compressive Strength, q (kN/m

2)'

Figure 176. Eso versus qy laboratory prepared and cured soil-cement tested by
Geotesting Express (O’Rourke et al., 1997).
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Figure 177. Unconfined compressive strength versus water: cement ratio for a
cement factor of 3.49 kN/m> (O’Rourke et al., 1997).

(pcy)
0 200 400

80
wcs 125 le)

70

]
O
Ja
0O

1 kN/m® = 102 kgm/m® -
1 1 [ 1 1 ] |

0 1 2 3 4 5
Cement Factor, CF (kN/m3)

Moisture Content of
Soil-Cement Mix (%)

Figure 178. As-mixed moisture content versus cement factor (O’Rourke et al., 1997).
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Figure 179. Dry unit weight versus cement factor (O’Rourke et al., 1997).
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Figure 180. Unconfined compressive strength versus dry unit weight
(O’Rourke et al., 1997).
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Figure 181. Cured moisture content from unconfined compression tests versus cement factor
(O’Rourke et al., 1997).
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Figure 182. Unconfined compressive strength versus cement factor for average cured moisture
content of approximately 40% (O’Rourke et al., 1997).
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Table 42. Estimated unconfined compressive strengths for cured moisture contents of
approximately 40% (O’Rourke et al., 1997).

CF Qu
(KN/m3) (pcy) w/c (kN/m2) (psi)
1.0 172 1.25 500 - 1200 75-175
20 344 1.25 1000 - 1900  145-275
2.5 430 1.25 1250 - 2250 180 - 325
3.0 515 0.80-1.00 1500-2600 215-375
4.0 687 0.80-1.00 2000-3300 290-475

Even with close controls, significant field variability is most probable because of variations of in-
place DMM composition. Quality control programs need sufficient flexibility to respond to

variable characteristics and avoid restrictive penalties for occasional low specimen strengths.

Laboratory data show reasonable relationships between early strength (3- to 7-day U.C.S.) and
strengths at cure times of 2 to 4 weeks. Field testing specimens at relatively short cure times
(approximately 3 days) appeared to be feasible so that rapid assessment of the mix characteristics

in-place can be made.

Al-Tabbaa and coworkers (Al-Tabbaa et al., 1998; Al-Tabbaa and Evans, 1999a) described a series
of field tests related to their laboratory work as described in Section 4.3 above. First, a prototype
auger, 0.6-m-diameter and 2.4-m-long was developed (WRS) to mix the 7 grouts developed in the
laboratory test program (Section 4.3). A total of 23 overlapping soil-grout columns were
constructed treating 14 m> of soil. Seven sets of small paddles were located above a single auger
turn. Time for penetration was 10 minutes at 30 rpm. Data are shown in Figure 183 and Table 43.
Cores of 75 to 150 mm in diameter were obtained at 28 and 45 days (single tube probably). The

best cores were found with Mix G.
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24m

Figure 183. Plan of the constructed columns (Al-Tabbaa and Evans, 1999b).

Table 43. Details of the soil-grout mixes applied in the site trial
(Al-Tabbaa and Evans, 1998).

CEMENT:PFA:LIME: WATER: SoIL:
Mix BENTONITE DRY GROUT SOIL:GROUT DRY GROUT
A 2:8:0:0 042:1 5:1 7:1
B 3:8:0:0 042:1 5:1 7:1
C 2.5:8:04:0 042:1 5:1 7:1
D 3:8:0.1:0 042:1 5:1 7:1
E 25:8:04:0 042:1 35:1 5:1
F 25:8:04:0 030:1 39:1 5:1
G 8:0:0:0.8 1.6:1 2.8:1 73:1
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Regarding U.C.S. and dry density (Table 44), data at 60 to 70 days were about 2.5 times higher than
28-day laboratory values. The densities were 14% higher than the laboratory values and so the
greater strength was most probably due to better in situ compaction. Regarding durability

(Table 45), all samples survived the wet-dry durability test with total cumulative dry mass loss of
less than 2%. Freeze-thaw resistance followed increased cement factor and bentonite content.
Regarding permeability (Table 46), field values were similar to laboratory values, and were lowest

with highest cement factor and bentonite concentration (0.5 x 10 to 3 x 10 nm/s).

Cores were also tested at 2, 14, and 28 months (treated made ground — using data from Table 47).
Regarding U.C.S., data from 75- to 100-mm diameter cores are shown in Figure 184. A broadly
linear increase in U.C.S. is shown with time ascribable to continued hydration of the cementitious
materials (by wetting). Strengths are predictably related to cement content and volume ratio.
Regarding durabilityb (Table 48), the data indicated resistance remained consistently high for wet-
dry tests (<0.6% loss). For freeze-thaw (Table 49), the susceptibility decreased with time, and
mixes with high lime, high cement factor, and bentonite performed better. Regarding permeability
(Figure 185), a reduction in permeability at 14 months is ascribed to continued hydration of the
cementitious materials (and so a