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FOREWORD

The Deep Mixing Method (DMM) is an in situ soil treatment technology whereby the soil is
blended with cementitious and/or other materials. This report deals mainly with an expansion of
the deep mixing methods discussed in Volume I of the series. The report should be of interest to
engineers and technologists working in the fields of deep soil excavation and improvement of
soft soil foundations to support heavy loads.

This volume of background, supporting information to FHWA report (FHWA-RD-99-138) was
comnpiled from several sources. In many cases, original documents were no longer available.

- This required the compilers to make copies of copies, further reducing clarity and legibility of
somne of these materials. In these cases, the text and/or graphics that are difficult to read or
distinguish are provided because they may still have marginal value to some readers.
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. APPENDIX 1. DETAILS OF EACH DEEP MIXING METHOD
(Numbers in parentheses correspond to the method numbers in Table 3 and Figure 46 of Volume I)

DEEP SOIL MIXING — DSM (1)

1.  INTRODUCTION

This system was developed by Geo-Con, Inc. while using SMW Seiko, Inc. equipment for the
Jackson Lake Dam Project in 1987-1988 and the first application was in 1987 at Bay City, M. It
is therefore not surprising that it is a Wet Rotary Shaft (WRS) variant that uses from one to six
augers (typically one or four) of an individual diameter of 0.6 to 1.0 m, (0.9 m is standard) to a
maximum depth of 45 m (27 m is typical). The shafts are spaced so that their individual paddles
overlap vertically and in plan, thus providing good panel (or column) continuity and efficient
mixing. A wall of at least 0.61-m thickness is provided when 0.9-m-diameter augers are used,
and each penetration by the four-auger arrangement provides a panel 2.74 m long.

2. GENERAL PROCESS

The shafts are rotated into the soil while grout, or other fluids, are injected. Air is not typically
used to help “breakup” the soil, and neither is water favored. The Geo-Con principle is to get as
much grout over the augers as possible, and this means significant grout injection during
penetration and withdrawal. Adjacent shafis rotate in opposite directions and are spaced at 0.69-
m centers. By combining auger flights and mixing blades along each shaft, the soil is lifted and
blended with the grout as efficiently as possible while reducing torque requirements. Lateral
continuity of the columns within and between each panel is also promoted by repenetration of
the inside “primary panel” holes (Figures 1 through 3). Upon reaching target depth, further grout
is injected, the shaft rotation direction is reversed, and the system is withdrawn. Usually the
lowermost 3 m of each stroke is double-mixed to further promote homogeneity.

3.  EQUIPMENT

Base Typically, a 135- to 160-tonne crawler crane is used, which carries a set of specially
designed leads, which may also be*structurally integrated” into the crane body
itself. _

Shafts Between one and six shafts (four is the most common arrangement) are cable-

suspended by a common beam (Figure 4), which also carries the individual
hydraulic or rotary heads powered by a Caterpillar diesel engine. The heads have

© 67,000 N-m of torque and thus require a 450-kW power pack mounted on the rear
of the crawler. Joint bands are used to separate and stabilize the shafts. These
shafts are 250 to 300 mm in diameter, with a 50- to 75-mm center injection hole.
At the end of each shaft is a single, steeply angled flight that makes one-half
revolution in a distance roughly equal to the auger diameter.
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APPENDIX 1. DETAILS OF EACH DEEP MIXING METHOD
(Numbers in parentheses correspond to the method numbers in Table 3 and Figure 46 of Volume I)

DEEP SOIL MIXING - DSM (1)

1.  INTRODUCTION

This system was developed by Geo-Con, Inc. while using SMW Seiko, Inc. equipment for the
Jackson Lake Dam Project in 1987-1988 and the first application was in 1987 at Bay City, MI. It
is therefore not surprising that it is a Wet Rotary Shaft (WRS) variant that uses from one to six
augers (typically one or four) of an individual diameter of 0.6 to 1.0 m, (0.9 m is standard) to a
maximum depth of 45 m (27 m is typical). The shafts are spaced so that their individual paddles
overlap vertically and in plan, thus providing good panel (or column) continuity and efficient °
mixing. A wall of at least 0.61-m thickness is provided when 0.9-m-diameter augers are used,
and each penetration by the four-auger arrangement provides a panel 2.74 m long.

2. GENERAL PROCESS

The shafts are rotated into the soil while grout, or other fluids, are injected. Air is not typically
used to help “breakup” the s0il, and neither is water favored. The Geo-Con principle is to get as
much grout over the augers as possible, and this means significant grout injection during
penetration and withdrawal. Adjacent shafts rotate in opposite directions and are spaced at 0.69-
m centers. By combining auger flights and mixing blades along each shaft, the soil is lifted and
blended with the grout as efficiently as possible while reducing torque requirements. Lateral
continuity of the columns within and between each panel is also promoted by repenetration of
the inside “primary panel” holes (Figures 1 through 3). Upon reaching target depth, further grout
is injected, the shaft rotation direction is reversed, and the system is withdrawn. Usually the
lowermost 3 m of each stroke is double-mixed to further promote homogeneity.

3.  EQUIPMENT

Base Typically, a 135- to 160-tonne crawler crane is used, which carries a set of speciaily
designed leads, which may also be“structurally integrated” into the crane body
itself. _

Shafts Between one and six shafts (four is the most cornmon arrangement) are cable-

suspended by a common beam (Figure 4), which also carries the individual
hydraulic or rotary heads powered by a Caterpillar diesel engine. The heads have

© 67,000 N-m of torque and thus require a 450-kW power pack mounted on the rear
of the crawler. Joint bands are used to separate and stabilize the shafts. These
shafts are 250 to 300 mm in diameter, with a 50- to 75-mm center injection hole.
At the end of each shaft is a single, steeply angled flight that makes one-half
revolution in a distance roughly equal to the auger diameter.



The results of a laboratory test using the Master Builders PT-1158 clay dispersant are shown on
Table 1. It is highly significant that using the dispersant, twice the volume of clay could be
treated with only 60% of the cement factor to provide twice the 28-day strength (Gause, 1998).

5. PATENTED/PROTECTED FEATURES

Geo-Con appears to have no ggtents on the equipment or the processes. However, there is a
patent pending on the VERT ™ Wall Concept — an application of the Deep Soil Mixing (DSM)
and Shallow Soil Mixing (SSM) techniques.

6. PARTICULAR ADVANTAGES

DSM is a typical WRS technique that shares all the inherent advantages and disadvantages of
that group of Deep Mixing Method (DMM) technologies. However, in relative terms, DSM
provides good mixing efficiency and lateral continuity and exploits readily adjustable mix
designs and injection rates. Pricing is very competitive, with typical costs (excluding any
reinforcing steel) being as follows:

Method Mobilization/ Installation Grout Materials
Demobilization ($k)

DSM 150 to 175 $30 to 60/m* $10 to 20/m”

SSM 50 to 150 $20 to 30/m> $30 to 50/m’

Hydra-Mech™ 50 to 100 $15 to 40/m> $30 to 60/m’

CF Jet Grouting | 25to 75 $100 to 200/m” $140 to 200/m”

-7 OPERATING COMPANY

Geo-Con is based in the United States, with offices in CA, FL, NJ, PA, and TX. Geo-Con
operates within the United States, and has performed limited international work.
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Table 1. Laboratory test results on Master Builders, Inc.’s PT-1158 (Gause, 1998).

Treated

Untreated
Boston Blue Clay, pcy (kg/m°) 1220 (750) 2500 (1480)
Cement, pcy (kg/m’) 630 (370) 360 (210)
Water, pcy (kg/m’) 940 (560) 360 (210)
PT-1158 % by weight of soil 0 9.5%
Consistency Fluid Fluid
UCS, psi (MPa) 180 (2.2) 350 (2.4)




SOIL MIXED WALL (SMW, RSW, and Others) (2)

1. INTRODUCTION

This method is classified as WRS and is conducted by a number of Japanese contractors
belonging to the Soil Mixed Wall (SMW) Association. The method began development by
Seiko Kogyo, Inc. in 1972, evolving from the now-defunct single-auger Mix in Place (MIP)
technique, which they licensed from Intrusion Prepakt (Cleveland, OH) for work in Japan. The
first commercial application was in Japan in 1976. The concept is to use multiple augers to
create vertical continuous membranes of treated soil for hydraulic cut-off and/or support of
excavation. This was the first “contemporary” DMM system to be used in the United States
(1986), and it spawned several similar techniques (e.g., DSM, Raito Soil-Cement Wall
(Attachment 1) in both the United States and Japan).

2. GENERAL PROCESS

The details of installation vary from company to company and between and within individual
projects. For example, water alone or bentonite slurry may be used during penetration, with the
grout only being injected during withdrawal. Alternatively, water or a very high water content
grout may be injected through the outer augers and compressed air injected through the central
augers during penetration to help break up and loosen the soil. In order to improve the quality of
mixing, especially in stiff cohesive soils, the augers are “oscillated” over the lower one-third of
the panel depth while grout is being injected. The method does employ a large amount of fluid
injection, and thus generates a correspondingly large amount of spoils. Generically, more
efficient mixing occurs when grout is injected during penetration.

~ Walls are formed in the fashion shown in Figure 7, with the inside holes of each group of three
being repenetrated and remixed to promote material mixing and lateral continuity. The system
employs from two to five augers (up to six in Japan), although three are standard. Individual
augers are 550 to 1500 mm in diameter, although a typical size is 850 to 900 mm (Figure 8).
Inter-axis spacing is typically 460 to 600 mm. A maximum depth of treatment of 60 m is
claimed, although few applications exceed 30 m.

Rotation rates are 15 to 20 rpm during penetration (slightly higher during withdrawal), somewhat
lower than that of other DMM methods. Rotation direction alternates for adjacent augers, which
overlap in plan (Figures 8 and 9) — both features promoting better mixing.

According to the opinion of Taki (1997), the SMW method is not regarded as a true DMM
technique in Japan, inferring that it is more of a soil removal and grout replacement method. He
also notes, correctly, that no papers were presented on this method at the 1996 Tokyo
Conference on Deep Mixing.
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- Instantaneous production rates are shown below. For scheduling purposes, 10
minutes set-up time would be added to the calculated time for column mixing.

Penetration Rate — between 0.5 and 1.5 m per minute
Withdrawal Rate — generally 1.5 to 2 m per minute

4. MIX CHARACTERISTICS

Grout. The mix design is customized based on job requirements and soil conditions. Generally,

. cement-bentonite, bentonite-cement-flyash (75:25), or clay slurries are used with typical mixes
containing up to 5% bentonite by weight of cement, and typical water/cement ratios of 1.5
(sandy) to 2.5 (cohesives). At Fort Point Channel, Boston, 25% replacement of cement by pfa is
used to reduce cost, although pfa is not used for the water-based work for environmental reasons.
In addition, additives may be used to control bleed, make the mix more workable, and so on.
The amount pumped is a function of soil type and the strength requirements of the wall. Cement
factors ranging from 250 to 750 kg of cement have been used per cubic meter of soil, although
250 to 350 kg/m’ is a typical range.

Data from case histories include:

e Lake Cushman Dam, WA. Cut-off wall for dam. The first 20 m consisted of glacial
outwash. The lower 17 m was glacial till. The cement factor was 220 kg/m’, and the mix
comprised 7% bentonite (BWOC) and a water/cement ratio = 1.3. Soilcrete strengths of up
to 1.28 MPa were obtained.

e Central Artery Project, CO7A1, Boston, MA. SMW used for excavation support.
Constructed in fill, marine, glaciomarine and glaciolacustrine deposits. The fill consisted of
random fill from cohesive to granular material with urban debris such as wood and concrete.
Marine deposit is known locally as “Boston Blue Clay,” which included lenses of sand and
silt. The glaciomarine consisted of silt, clay, gravel, and cobbles and was broken into an
upper and lower unit. Several mixes were designed for the project. The cement factor
ranged from 200 to 450 kg/m’ of treated ground. Figure 10 shows the cement dosage along
the alignment as well as the strength of various sections along the alignment. The
water/cement ratio varied, but in general was 1.25, but as low as 1.0. The required strength
for the project was 0.62 MPa.

e EBMUD Wet Weather Storage Basin. The ground treated consisted of Bay Mud, a plastic,
fat clay. The grout mix used (per m’ of treated soil) contained 286 kg cement, 5.2 kg
bentonite, and 750 kg water. The target strength was 0.48 MPa. Actual strengths ranged
from 0.48 to 1.03 MPa. Graphs of strength versus depth and permeability versus depth are

shown in Figure 11.
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homogeneous for design purposes, although lumps of unmixed clay are common, especially in
stiff soils. There may be 30 to 50% cement loss in spoil (sand and clay).

A report by O’Rourke et al. (1997) further summarizes data recorded from the CO7A1 Project in
Boston. Major findings include:

5.

The results of UCS testing as obtained from 75- and 150-mm-diameter field samples
were very similar (average 3.83 MPa at 56 days; variability obscures strength gain with
time).

Apparent Cement Factor (ACF) was defined as = total weight of cement used
volume of soil mixed

Then for ACF = 2.5 to 3.5 kN/m?®, UCS varies from 2 to 9 MPa (but with no strong
correlation).

The average total unit weight of 14.7 +1.3 kN/m? was about 20% less than the total
weight of the virgin marine clay (Figures 14 and 15 show limited correlation to strength).

Laboratory tests were conducted on the relationship between strength and water content
(strongly dependent).

For CF =2 to 2.5 kN/m> (wlic=1.5); UCS=1t02.2 MPa
For CF = 3 to 4 kN/m® (w/c=0.81t01.0); UCS=1.5t03.3 MPa
(Figures 16, 17, and 18; and Table 2)

Such data were much less variable than field data due to variability in field mixes;
variability in field preparation, curing, and handling; and combination of mix and field
sample control.

Lab tests showed secant modulus at 0.5 qy is equal to 50 to 150 times qu (Figure 19).
Takenaka (1995) suggests E = 350 to 1,000 g, (Figure 20), although the accuracy of these
data has been subject to considerable debate. Values range typically from 60 to

120 MPa.

Drained triaxial compression tests (Takenaka, 1995) suggest that the Poisson’s ratio is
0.05 to 0.15 (axial strain < 5%).

Takenaka (1995) also found from direct tension tests that tensile strength = 10 to 20%
UCs. :

PATENTED/PROTECTED FEATURES

Seiko is quoted as saying there are no patents on their system. However, it may be that certain of
the mechanical elements (e.g., head design) are protected.
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Title oM SMw
Cement Deep Mixing Seil Mix Wall
h .
I | L r
! [ 1 [ 1.7
Sketches of
Representative 72
Mixing o e
Mechanism
\ T
¢ = 39° to 63" owoilable = 22° - i
1ft = 0305m ' zft ? aow;v;uwe
Descriptions | Rotation of multiple axis shafts Uses multiple auger, péddle shafts rotating
- create relative movement and shear | in alternating directions to mix in situ soil
in soil for soil-reagent mixing. with cement grout or other reagents to form
continuous soil-cement walls.
Number of 2, 4, 6, 8 shafts 1,2, 3, and 5 shafts
Mixing Shafts
Major Cement or lime slurry Cement-bentonite slurry, bentonite slurry,
Reagents clay slurry, or other stabilizing reagent
slurries.
Applicable Very soft silt and clay or very loose | Soft to hard silt and clay, loose to very dense
Surface Soils | sandy soils usually undersea sand, gravel, and cobble soils. Cobble and
boulder soil and bedrock with predrilling.
Major Large scale soil stabilization of sea | Continuous walls for excavation support and
Applications | floor for offshore or waterfront groundwater control; Column blocks, lattice,
development. or areal patterns for stabilization.
Remarks Developed by Port and Harbor Developed by Seiko Kogyo, Co. Ltd.

Research Institute

Figure 8. General arrangement of three- and five-auger SMW systems in comparison to
CDM mixing tools (after Taki and Yang, 1991).
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Attachment 1. RSW brochure.
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MULTIMIX (3)

1. INTRODUCTION

This technique is classified as WRS and represents a joint development between Rodio and Trevi
in the late 1980s/early 1990s. Although the relatively scarce published data refer to a three-auger
method, it is understood that more recently, a one-auger system has been developed. The special
goals of the method were to create overlapping soil-cement columns with minimum soil removal
or unmixed zones between and within columns. It can be used for temporary and permanent
structures. including hydraulic cutoffs and structural elements (steel elements can be vibrated
into place). Field testing has proven its suitability in cohesionless soils of low to medium density
and in cohesive soils of low to moderate strength. The former are the particular technical and
economic targets. )

2. GENERAL PROCESS

The cable-suspended system is advanced at about 0.5 m/min to promote good mixing. A
maximum practical depth is 23 m. Grout is injected on the way down at a constant rate via the
tip of the augers. Rotation direction and auger direction alternate on adjacent augers. A pre-
stroke with water can be used to loosen clays. In this case, grout is injected via the outer shafts
only in the second penetration. The auger flights loosen the soil and lift it to the mixing paddles,
which blend it with the grout. As the shafts advance, the soil and grout are remixed by additional
paddles mounted above. The total vertical extent of shaft mixing is about 8 to 10 m. The augers
are then reversed, with continued injection (apparently mainly through the external augers) of
grout at about the same rpm. In especially resistant or heterogeneous ground, water (plus or
minus appropriate additives) is used in a predrilling phase. Continuous diaphragms are formed
in the same sequence as DSM or SMW.

3. EQUIPMENT (Figure 21)

Base Suitable specialized carrier, e.g., Soilmec EC or Linkbelt LS 38/318 (33-m mast,
25-m stroke, 80-kN hoist, and pull-down).

Shafis The head has three independent 60-kN-m hydraulic rotary motors (running off a
400-hp power pack at 8 to 25 rpm), which can accommodate a range of interauger
spacings (450 to 600 mm) and auger diameters (550 to 800 mm) (Figure 22).
Different auger types are used in different soil conditions.

Grout Plant  Mixer supplying 5 to 15 m’/h (50 hp); compressor providing 15 m’/min at 12 bar;
“Feeding plant” consisting of 3 hydraulic piston purnaps (115 mm by 130 mm),
delivering 150 to 350 L/min at up to 40 bar (40 hp).
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2. The use of sand improved strength despite increased mechanical wear and tear on the

equipment.

3. Redrilling without adding any. fluid greatly improved the quality of mixing.

As a consequence, in the 68,000 m of production columns completed in 7 months:

e Columns were double-drilled. The first pass involved drilling with water, if necessary, and
mixing occurring during uplift at 1 m/min. The second pass involved redrilling without any

additional fluid injection.

 Grout water/cement ratio = 0.6, sand:cement = 0.5, and cement factor = 250 kg/m’ soil.

¢ Columns were 1m in diameter, 7 to 15.5 m long.

Coring provided UCS = 1.5 to 2.5 MPa at 28 days. Plate load tests were also conducted. From
another source (Rodio Brochure, 1992), the following parameters were recorded:

Casalmaiocco Cesena

(sands and gravels) (silts and clays)
Penetration
Rate 0.35-1.1 m/min 0.2-0.4
Rotation 12-30 rpm 25
Total grout factor 200-400 L/m? (150-300 L/m) | 150-300 L/m’ (140420 L/m)
Equivalent cement factor 80-450 kg/m’ 130-400 kg/m*

(70-370 kg/m) (100-300 kg/m)
Withdrawal :
Rate 0.48-2.0 m/min 0.4-3.0 m/mm
Rotation 12-20 rpm 14-28 rpm
Water/cement ratio 0.6-0.7 0.6-0.7
Water/cement-bentonite ratios | w/c =0.5; b/w = 0.09 w/c =0.5; b/w=0.09
28-day UCS 0.5-5.0 MPa 0.2-1.0 MPa
Permeability 107-10® m/s 107-10% mv/s

S. PATENTED/PROTECTED FEATURES

The process is patented by Trevi.

6. PARTICULAR ADVANTAGES

Method claims better mixing efficiency and less spoil generation than other WRS methods.
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Table 3. Main characteristics of cement grout/mortars (Pagliacci and Pagotto, 1994).

e | se | e | e | S5
(=2 (=) (- (sec) (MPa)
A 2.0 1.18 25 12.20
8 .0 1.52 19 20.50
c 0.5 1.66 20 22.50
b} 0.0 1.80 12 24.30

Table 4. Main characteristics of soil-cement mortar samples (Pagliacci and Pagotto, 1994).

“ee ] SR SR CM | perdtntace

(-) (kN/m3) (-) (1)
HYPOTHESIS n° 1

A 1.68 0.295 36.6

8 1.86 0.313 22.4

¢ 1.95 0.318 12.6

0 2.04 0.323 0.0
HYPOTHESIS n° 2

A 2.50 0.465 52.9

B 2.50 0.430 30.6

c 2.50 0.413 16.8

0 2.50 0.396 0.0
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COLMIX (4)

1. INTRODUCTION

This Bachy system is mainly used in a WRS version, although a dry variant Dry Rotary Shaft
(DRS) has also been developed for soils of very high water content. Colmix was developed in
France in the mid-1980s in response to a competition set by the French National Railways
(SNCF) and the Laboratoire Centrale des Ponts et Chausées (LCPC). This competition invited
bids to design and implement a “process to construct stabilized and compacted soil columns to
improve the stability of railway embankments.” Colmix duly won the “Prix de I’Innovation” in
1987 from the Fédération Nationale des Travaux Publics (FNTP), having been first used on a
railway embankment at Vierzon, France in 1986. Two major points of differentiation with the
Scandinavian Lime-Cement Column method (Method #23) are claimed:

o “The degree and fineness of the homogeneity of the soil-binder mix,” and
¢ “The possibility to recompact in place the final soil-binder mix.”

2. GENERAL PROCESS

Colmix creates columns, blocks, or panels of treated soil using multiple, overlapping counter-
rotating continuous flight augers. The counter-rotation also discourages deviation, as noted in
the French patent. The augers break up, lift, and mix the soil with a lime and/or cement slurry as
they penetrate. The direction of rotation is reversed during withdrawal to further mix and
compact the treated mass. (In particularly stiff soils, the soil is retreated several times.)
Schematics of the two- and four-auger systems are shown in Figures 26 and 27, respectively.
Column sizes tend to be 10 to 20% larger than the auger diameter, due to the compaction energy.

The initial developments featured two- and three-auger machines, but the four-auger machine
was developed for an environmental project in Ardeer, Scotland (1994 to 1995) and six and eight
augers are noted in the Australian patent of 1995. Most recently, only even-numbered augers are
being used, the axes of which are centered at the vertices of a regular n-sided polygon (Figure

28).

3. EQUIPMENT

Base A variety of carriers can be used depending on field conditions and requirements.
Cranes, excavators, and drilling rigs have been used.

Shafts A fixed lead, typically 10 m long, carries the geared, multi-spindle motor (0.15 to
1.5 m-tonnes), which turns the spaced augers (Figure 29). The augers have
opposite pitches and rotate in opposite directions. The grout is injected via one or
several outlets at the auger tip. A servo-control system maintains a constant thrust
or a constant penetration/withdrawal speed. Figures 30 and 31 are extracts from
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Treated Soil. In clays, unconfined compressive strengths range from 3 to 6 MPa at 28 days using
the above-referenced cement and volume factors. E-values (around 300 MPa) range from 50 to
100 times UCS, while the shear strength is typically equivalent to 33% UCS Data from sandy
soil show higher strengths. Permeabilities at Ardeer were as low as 6 x 10 m/s. At an earlier
site in Vierzon, France, Harnan and Iagolnitzer (1992) reported a water content for soil of 24%
for a grout composed of 400 kg/m® cement, 320 kg/m’ slaked lime, and 724 kg/m’ water. Fora
0.08-m” section, the grout usage was 39 to 40 L/lin. m of column. The column therefore
contained approximately 10% cement and 8% lime by dry soil weight. Later projects (A64
Motorway) used 8% slaked lime and 32% CPJ45 cement by weight of dry soil (clay-treated
strengths were 2 to 3 MPa at 7 days and 3 to 6 MPa at 28 days).

S. PATENTED/PROTECTED FEATURES.

The Colmix system was patented in the United States in 1987, patent number 4,662,792. The
patent abstract reads:

“The invention relates to civil engineering works. In particular, it relates to a
device suitable for forming a primary column of stabilized and compacted soil,
which comprises at least two parallel shafts driving in opposite directions, two
parallel augers with opposite pitch, each auger being provided at the opposite end
to the drive shaft with a loosening drillhead and the distance between the axes of
the augers being less than the diameter of an auger, the shafts and the shanks of
the augers comprising a bore connected to a source of material to be added, and at
least one orifice which communicates with the said bore being provided on the
shank of each auger so as to discharge the material to be added and allow it to be
mixed with the loosened soil. Applicable in particular for the compaction of
railroad territory.”

It is also patented in France and several other countries, including Australia (1995).

6. PARTICULAR ADVANTAGES

Bachy clalms low spoil, and minimal vibration and noise. The system is logistically very
flexible and adaptable, and can be moved and set up readily. It can be used in close proximity to

existing structures.
7. OPERATING COMPANY

The Colmix System is owned by Bachy of France. They operate throughout the‘ world. Regently
(March 1997), Bachy merged with Soletanche, the other major French geotechnical specialist.
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Auger | W | L | Section |Perimeter
mm | mm m? m
230 | 410 | 0.08 1.08
290 | 500 | 0.13 133
Twin 360 | 625 | 020 1.66
420 | 740 0.27 1.96
500 | 875 | 0.38 2.32
360 | 890 | 0.29 2.19
Triple 420 | 1060 | 041 2.60
500 | 1250 | 0.57 3.07
500 875 | 069 3.27
850 | 1490 | 2.00 5.56
Twin Triple
-~ > - >
; {
€ L 3 P \>
-t L I
Quadruple
< >
Direction
“— of rotation
during drilling ;I
-
SN .

F igure 32. Various auger configurations and dimensions of the Colmix system
(Bachy literature, 1996).
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Figure 33. Batching plant (Bachy, 1996).
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SOIL REMOVAL TECHNIQUE - SRT (5)

1. INTRODUCTION

The Soil Removal Technique (SRT) is classified as WRS. The process was developed to
alleviate horizontal deformation of the soil potentially caused by conventional CDM methods
and hence displacement of adjacent underground structures. This new method was developed to
minimize such horizontal soil displacement by removing soil during the penetration phase, thus
countering the effects of volume increase during cement injection. The development of this
system is in the operational prototype stage.

2. GENERAL PROCESS

The upper continuous flight augers remove the soil during penetration. Cement slurry is injected
while the augers are being withdrawn.

3. EQUIPMENT

Base The equipment is similar to CDM double-auger set-ups, except for the shaft
configuration (Figure 35).
Sh This system consists of a dual-shaft assembly mounted on a set of fixed leads.

Continuous flight augers are located at the top of the shaft, underlain by a series
of three horizontal mixing vanes, and an auger with cutting teeth at the base of the
shaft. Grout is injected through upper nozzles located between the continuous
flight augers and the mixing blades, and lower nozzles located within the
excavation auger. This produces columns of 1 to 1.2 m in diameter, to a claimed
maximum depth of 40 m. Mixing paddles or blades are located directly above the
excavation blade.

Grout Plant  Assumed to be equivalent to current CDM eciuipment.
Control Assumed to be equivalent to current CDM equipment.

Production  Assumed to be equivalent to current CDM equipment.

4. MIX CHARACTERISTICS

Grout. Cement grout of unreported composition was used with no reported cement or volume
factor. Assumed to be similar to CDM.

Treated Soil. Target strength of 0.5 MPa in soft silt was achieved. Lateral displacements were
reduced to 9 mm, which was 11 to 33% of conventional CDM displacements in this example.
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Cores showed that the strength of the treated soil was only 70% of the conventional CDM due to
the effects of soil removal at the particular water/cement ratio selected.

5. PATENTED/PROTECTED FEATURES.

There are no patents on this system identified in the reference cited below, but some may exist.

6. PARTICULAR ADVANTAGES

The method reduces horizontal displacement/stresses imposed during niixing, and also obviates
the need for pre-augering. '

7. OPERATING COMPANY

The equipment was developed by Shimizu Corp. of Japan, and the system has been tested in
Japan.

8. REFERENCE

Hirai, T., J. Ise, T. Kusakar, M. Gotou, and Y. Hibi. (1996). “Development and Application of
the Deep Mixing Soil Stabilization Method to Control Displacement of Adjacent Ground.”
Grouting and Deep Mixing. Proceedings of 1S-Tokyo '96, Second International Conference on
Ground Improvement Geosystems, Tokyo, May 14-17, pp. 485-490.
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| Auger flights

Figure 35. Shaft configuration for Soil Removal Technique (Hirai et al., 1996).
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CEMENT DEEP MIXING - CDM (6)
(Also incorporating FGC-CDM)

1. INTRODUCTION

The CDM Association was formed in 1977 and encompasses a large number of very similar
WRE variations, different only in certain details of the equipment used. CDM was originally
used for massive marine projects in order to stabilize soft cohesive soils and fills, but it is now
also used on land-based projects for ground treatment, improvement, and retention. CDM is the
contemporary group name for a series of earlier and current methods developed by different
contractors, such as DCM, CMC, DCCM, RDM (Raito, Inc.), DECOM (Toa Corp.), Demic,
POCM (Penta Ocean Chemical Mixing), and so on.

Currently, a new offshoot, FGC-CDM, is being developed in which flyash and gypsum are used
(together with cement) in the grout to provide low-strength treated soil, while still encouraging
sufficient fluid injection to facilitate efficient penetration and mixing.

CDM was developed in Japan under the “instruction” of the Port & Harbor Research Institute of
the Ministry of Transportation, “and other customers” (CDM, 1994). A general CDM brochure
is provided as Attachment 2, and a brochure on RDM is included as Attachment 3.

The technique is offered in the United States by Raito., Inc, in California, who won the first U.S.
application in early 1999.

2. GENERAL PROCESS

The machine carries from two (typical on DCM) to eight overlapping shafts (most common) for
marine work, each of a diameter of 1 to 1.6 m. Up to 12 shafts on one carrier have been used.
For land work, each machine has one or two shafts (e.g., RDM), each typically 0.7 to 1.0 m in
diameter. Each shaft has four to six mixing blades. The maximum depth capacity is 70 m below
sea level (marine) or 40 m (land). .

The shafts are simultaneously advanced at rotational speeds of 20 to 30 rpm, usually
accompanied by some grout injection at a rate of 0.5 to 2.0 m/min (1 m/min average). At target
depth, a final 2 to 8 min of in situ mixing occurs, followed by withdrawal at up to 60 rpm at 1 to
2 m/min and the injection of the balance of the grout via the upper injection port. The paddles on
adjacent shafts overlap in plan and are staggered in height to promote efficient mixing.

For FGC-CDM, “slight equipment modifications” (Terashi, 1997) are required (unspecified).
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3.  EQUIPMENT (Figures 36, 37, 38, and 39)

Grout Plant

Control

Production

For marine work, this is typically a large, barge-mounted tower or derrick. For
land work, details are provided in Figure 37 for the typical double-shaft rig.

Details of typical treated soil volumes (in one pass) are shown in Figure 38, while
typical shaft geometries are illustrated in Figure 39 (with SMW shafts for

contrast.)

Details are provided in Figures 36 and 38.

A very high empbhasis is placed on the automated control and recording of the
various drilling and injection parameters, as illustrated in Figure 40 and in
Attachment 2. The use of the Execution Management Unit is claimed to offer
real-time understanding of actual field conditions, reliable execution, and

excellent quality control and assurance.

Instantaneous production is illustrated in Figure 44, reflecting the information

provided in Section 2 above, and is summarized below:

tl Ti'm.c for surveying, positioning 10 to 15 minutes
mixing blades
vl Penetration speed of mixer in 0.5-2.0 m/min —
unimproved part depending on soil stiffness
V2 Penetration speed of mixer in 0.5-2.0 m/min -
improved part depending on soil stiffness
t2 Time for improving the tip 2.0 minutes
V3 Withdrawal speed of mixer in 0.5-1.5 m/min ~
improved part depending on soil stiffness
va Withdrawal speed of mixer in 0.5-1.5 m/min -
unimproved part depending on soil stiffness

Industrial output for marine works is about 1,000 m® of ground treatment per shift. For

landwork, the output is 10 to 20% of this figure.

4. MIX CHARACTERISTICS

Injected Materials. The process typically uses Portland or blast furnace cement, with fresh water
or seawater. Cementitious materials are added at a rate of about 140 to 300 kg (dry) per cubic
meter of soil to be treated. The water/cement ratio varies from 0.6 to 1.3 (typically 1.0). By
volume, slurry ranges from 150 to 300 L/m’ of soil to be treated. Accelerating additives can be
used, as can dispersants and stabilizers. Other binders include bentonite, gypsum, and flyash, as

for example, in CDM-FGC.
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Treated Soil. The reaction of the grout and the soil (presumably also the case with the dry
methods) is a two-phase chemical reaction (Figure 42):

e Hydration of cement and water forming “an ettringite of capillary crystals.”
e With time, the hydration productlon generates a pozzolanic reaction with the clay minerals in
the soil.

It was concluded by Asano et al. (1996) that there is a direct relationship between the
water/cement ratio in soilcrete and its unconfined compressive strength, regardless of the
composition of the grout or its age (Figure 43). They experimented with FGC-CDM, where
flyash and gypsum were substituted for cement to give low-strength soilcrete (< 0.5 MPa) while
maintaining high grout volume factors (250 to 400 L/m>) to ensure lubrication and good miXing
(Figure 44). Low strengths were also made possxble by using lime substitution (0.5 to 1.5 MPa)
for cement (e.g., C L = 4:6, slurry content 200 L/m®). Otherwise, for normal CDM, strengths for
200- to 300-L/m’ grout are 2 to 4 MPa. The ratio of 60- to 28-day strength is about 1.4 to 1.5,
and the ratio of 28- to 7-day strength is about 1.5. The cement factor also controls the strength of
the treated soil, as shown in laboratory tests (Figure 45). Field and laboratory variations in
strength with soil type, w/c ratio, cement factor, and procedure for CDM used at Yantai (Min,
1996) are shown in Figure 46. Further data on the influence of the cement factor and grout
composition on strength are shown in Figure 47, and for the influence on soil type and depth are
shown in Figure 48. Terashi (1997) reports that for lime-treated marine clay in a Japanese
project. the ratio between 15-year and 60-day field strengths was almost 3 to 1.

In general, there is also evidence that laboratory sample strengths are somewhat higher for
equivalent conditions than for field sample strengths. The ratio of UCS to shear strength is about
2 when UCS< 1 MPa, but is reduced as the UCS increases.

Tensile strength is 8 to 20% UCS. (Typically, 15% is used for design purposes.)

The ratio of UCS to E-value (Eso) for laboratory samples is shown in Figure 49 [1:350 to 1,000],
and for field samples in Figure 50 [1:150 to 500]. Okumura (1996) states that the ratio increases

“exponentially” depending on the UCS. In cohesive soils with sand contents less than 10 to
15%. the ratio is 400 to 600.

Deterioration of soilcrete under exposure to marine conditions increases with the log of time.

Permeability of treated soil is usually in the range of 108 to 10”° mvs; it is lower if bentonite is
used. or if the clay is treated, or if more cement is added (Figure 51).

Special field tests have been conducted widely by the Japanese Government and the CDM
Association. These are summarized in the proceedings of the Tokyo conference (1996).
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5. PROTECTED OR PATENTED FEATURES.

The use of this method is controlled by the CDM Association in Japan, although in recent years,
the Chinese have also developed “native” CDM.

6. PARTICULAR ADVANTAGES

Excellent for treating large volumes of soft soil.

Excellent research and development history and data (e.g., relatlonsth of mix design and
treated soil strength).

Powerful association and members.

Long history of successful application.

Low noise, vibration, and contamination potential.

Centralized control system.

Low to moderate spoils.

7. OPERATING COMPANIES - GEOGRAPHIC REGION

The process was developed by the Port and Harbor Research Institute of the Ministry of
Transportation of the Japanese Government from research which began in 1967. The CDM
Association was established in Japan in 1977 and has 48 member companies — contractors,
manufacturers, and suppliers. Only members of the CDM Association are permitted to
participate, although China has independently followed Japanese developments since 1993. By
far, the greatest volume of work is still conducted in Japan, and no case histories appear to have
been produced on work outside of Japan or China. One example to date has been executed in the
United States. Through March 1991, the total volume of soil treated was 18.1 million m* (Figure
52), most of which would seem to have been for marine projects (Figure 53). The mainspring
behind FGC-CDM is the Electric Power Development Company.

8. REFERENCES

Asano, ], Ban, K, Azuma, and K. Takahashi. (1996). “Deep Mixing Method of Soil
Stabilization Using Coal Ash.” Grouting and Deep Mixing, Proceedings of IS-Tokyo '96,
Second International Conference on Ground Improvement Geosystems, Tokyo, May 14-17,

pp. 393-398.

Cement Deep Mixing Method Association. (1996). Promotional information.

Cement Deep Mixing Method Association. (1994). “Outline of CDM Method.”

Min, T. (1996). “Application of Offshore Cement Deep Mixing Method in the Construction of

Yantai Port.” Grouting and Deep Mixing, Proceedings of IS-Tokyo '96, Second International
Conference on Ground Improvement Geosystems, Tokyo, May 14-17, pp. 527-532.
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Figure 36. Procedures of the CDM Method (CDM Association, 1996).
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Cenent Mixing
Batcher Plant

Dee

Mizing
Machine

Back Hoe

Cement Silo
Undervater Puap b
Y— [R&y
JSater Task 7 \__Geasrator
Maximum Penetranoa

Length 10m 20m 30m 40m
Machine
Deep Mixing Crawler Crane: Crawler Crane: Crawler Crane: Crawler Crane:
Machine 25 w 27 toas 35 10 37 tons 50 10 55 tons 50 to 55 tons
(Including the sysiem | Leader Length: 20m | Leader Length: 30m Leader Length: 40m (Special Crawler Device)
control meters) Processor Output: Processor Output: Processor Output: Leader Length: 50m

45KW x 2 55KW to 60KW x 2 75KW to 90KW x 2 | Processor Output:
) 75KW to 90KW x 2
Generated Power 250KVA 300KVA 400KAV 450KVA
Back Hoe Crawler Type 0.8m> | Crawler Type 0.8m3 Crawler Type 0.8m3 Crawiler Type 0.8m®
Cement Mixing Plant | 10m’/ 10~20m*/ 30m’h 20m*h
Cemeat Silo I 30¢ 30¢ 30t
Water Tank 10m? 10m’ 10m? 10m?
Underwater Pump 100mm x 2 uasts 100mm x 2 units 100mm x 2 units 100mm x 2 units
Grout Pump 200 hiers/mun. 200 liters to 300 liters/min. | 300 liters/min. x 2 units | 300 liters/min. x 2 units
x 2 uaits X 2 units
Agitator Tank 2m? 2-5m? S5m’ 5m3
Generator Power 100KVA 100~125KVA 125KVA 125KVA
Standard Improved
Cross Section
Notes: 1. The configurauon of the machinery operated in conjunction with the cement mixing plant varies according to the

amount of admixtures, length of the improvenent, etc.
2. When soil quality and execution conditions make the use of the configurations presented in this table difficult, other

Figure 37. Equipment configuration for the CDM method (Yano et al., 1996).
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Cement Deep Mixing (CDM)

Specification|  gpecification of ship main body Mixing equipment
Height | H
Length‘wum Depth Water Heig mor Proc¢ Power | o
' dratt ' fower | area 1 rate source Weight
e
Name of ship x7°m 5.
L] m m 2 ¥k —
i " " lager| ™ weE | !
v -70 .
#2322 7% ! 60 | 20 4.5 3.2 | 695 | 574 =] sosk T B 40
~65 R
#0324 2% | 4.0 | 280 w1 3.0 | 61.0 | 5.75 ] sonit w E|
DCM 7.5 | 28 6 _% N
3% |« 0 ‘. 3.0 | 555 | 5.74 pa T ® E| 33
-w .
¥ 322 5% | 0.0 | 2.0 4.0 27 | 67.¢ | 691 L t m| 2
_“ e
—| pcMe® | 560 | 260 4.2 2.2 | 522 | s42 s0—70 a E| 160
" -
_‘3 e
CMC8% | 530 | 240 4.0 2.0 | s8.4 | 463 s0—70 £ B 105
Wl %2108 | s20 | 28| 40| 28| s | 3N 2L ¢ W E| 18
: . (4.65) © | 50~70
—‘o ¢
#£aoLn® | s00 | 240 3.6 20 | s6.0 | 3.8 5970 T M| 120
. % -
| £ 3% | 380 | 140 2.3 1.5 | 36.0 | 2.23 20~50 T s s
~35 .
CMC3% | 30| 150 2.5 1.8 | 46.0 | 2.0 0L T e 2
- i .
CMCS5 % | «o0 | 180 3.5 2.0 | 45.0 | 2.0 OLF T el 2
—26 .
#3.5-3% | 30.0 | 150 3.0 1.5 | 35.0 | L.74 0L m E 16
. - 40 »
- DpcMs® | 86! 186 3.2 1.4 ] 3.5 | 3.47 ™ E] 60
- 25 30~50
@
< -ns|
#3.5-5% | 26.0 | 10.5 2.2 1.2 | %00 | 15 Wl F T B 2

Depth of Improved Area
Location of mixing equipment
C: Center

F: Front

Hydraulic

Electric

Below water surface

Below s2a floor

PN AWM

Figure 38. Geometries of columns produced in one pass and details of the grout
(after CDM Association, 1994) (1 of 2 pages).
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. Configuration
;o ue}Horso; Mixer- Agitatord 570Ut ‘
rque silo gitator] pump Remarks
. (2% >y x| VminX &
k' " P " " e FILTH H00NX M FALIW 400NN OCM3% 410007 X 398
4,000 | 4,500 | 400x4 { 3.5x2 | 18x1 | 250x8 r‘@
4,100 | 5.020 | 250x4 | 3.5x1 | 9X1 {150%12 ARLn
4,000 | 5,830 | 150x2 | 2.6x2 | 20x1 | 2508 raLsh simax i e ® ss0x s ocie o smm

7.000 | 3,600 | 300x4 | 3.5%1 9X1 | 250%8 4

L 38Ee Y]

2,250 | 3.400 | 150x2 | 2.0x2 | 20x1 | 250%8

RILIDG 4 1700%X ¢ #1700%X 40 sizonxim
4,890 | 2,400 | 150X2 ) 1.5X2 ] 6X2 | 4204

200x4 | H.7.61212 16100 yos e
4,200 | 2,620 | 150x2 | 2.0x1 Sx1 ( ot
450X2 | w@nRTFR
. 200X4 | H.7 2
3.300 | 3.460 { I150x2 ! 2.0x1 §x1 ox2 | ARFE
=31 ] cmcs & FIL5-1G
3,000 1.090 1201 1 2.2X1 6x1 250 4 120NN 20 41200%x 108 #100%X 2 0

Lm

o g &
Lao | 1150 | soxi|1.5x1| 4x1 | 6oox2 _ ol oy

00—d

1,440 | 1,030 502 1.0x1 2x1 | 6002

OCMS % #1150%X 4 0 FILS-5R
$1000% % 2 &

1,350 300 50x1 [0.85x1 2x1 | 120%2 ,ﬁ_
e
) -t

2,000 | 1,940 | 100X2 | 2.0Xx2 SX1 | 250x4

2,550 700 | 30x1 | 2.9%1 2x1 | 300x2

Figure 38. Geometries of columns produced in one pass and details of the grout
(after CDM Association, 1994) (2 of 2 pages).
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CDM SMw
Title Cement Deep Mixing Soil Mix Wall
b <] CE ’, A=
e TR
| !
1y
Sketches of g ‘P
Repre-
sentative - 6 -
Mking .N;— o 187418 15‘: 547
isms I i g
bot 32°| 327 327 o] = =
(L t v
1367
@ = 39" to 63" available ® = 22" to 40" ovailable
1 ft = 0305 m 1ft = 0.305 m
Descriptions | Rotation of multiple axis shafts create | Uses multiple auger, paddle shafts rotating
relative movement and shear in soil for | in altemating directions to mix in situ soil
soil-reagent mixing. with cement grout or other reagents to
form continuous soil-cement walls.
Number of | 2,4,6,8 shafts. 1,2,3, &5 shafts.
Mixing
Shafts
Major Cement grout, lime or other Cement grout, bentonite slurry, clay slurry,
Reagents cementitious slurry. or other stabilizing reagent sturmies.
Applicable | Very soft silt and clay or very loose Soft to hard silt and clay, loose to very
Subsurface | sandy soils usually undersea. dense sand, gravel, an cobble soils. Cobble
Soils and boulder soil and bedrock with
prednlling.
Major Appli- | Large scale soil stabilization of sea Continuous walls for excavation support
cations floor for offshore or waterfront and groundwater control; Column blocks,
development. lattice, or areal patterns for stabilization.
Remarks Developed by Port and Harbor Developed by Seiko Kogyo, Co. Ltd.
Research Institute.

Figure 39. Comparison of the CDM and SMW systems (Taki and Yang, 1991).
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Figure 40. Computer control and management systems (Yano et al., 1996).
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Figure 41. Instantaneous production (CDM Association, 1994).




I Flow Chart of Stabilizing Principle
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Figure 42. Reaction of the grout and the soil (CDM Association, 1994).

70



—
(=4

®
l

(?
[
'
'
'
’

qremuse
H
1
]
'
'
'
‘

--—--

cecconsrecvcad s e an

meosessboeascacuacsae
o emcedoacosoponeea

cecsessvermvanacsbleon seee

o

..... ‘i[{:}

cecscoedeame e

pr e e b oe owo

(%
1
]
'
]
\
[}
'
[}
'
o}
'
]
'
1
]
'
R

y

Unconfind compressive strangth (MPa)
N
L
.
|

[~

- mme G Ew . e - - w

oo e of

L R R

-~

ceondea

L P o

500 1.000 2,000 3,000 5,000 10,000

Water-cement ratio (%)

Figure 43. Relationship between water-cement ratio and unconfined compressive strength

(Asano et al., 1996).

71

2 years

CDM
o
PGC W12 |
o
PGC W14
0

28 days

CDM
‘
PGC 10:1:2
®
PGC 10:1:6
]

—————




a : Cement content (kg/m?)

AD::MO

=ae
llllill
woo
e 1
Oen
R L L R e 4
llllllllllllll 4
(=]
=
|= lllllllll -4

lllllllllllllll

lllllllllllllll

L R L L

R R T TR

t
¥

v

L

B4

100 200 300 400 500

(*dN) Y13uans aassaaduwod putjuodup)

(=]

700

600

0

Slurry content (£/m®)

(Asano et al., 1996).

Figure 44. Relationship between slurry content and unconfined compressive strength
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Figure 45. Relationship of treated soil strength to cement factor (CDM Association, 1994).

73



TABLE 1

PROFERTIES OF SUBMARINE 50118 AT YANTAI PORT

Description Water | Specific o] Minerslogical Ocganic | Humas | pH Soluble

of content | gravity | Actvity composition cntest | content | value -t

L [vA) (mS/cm) [y Al [y conteot

main | sscoodery CR)

Site n 6 078 quarts | gruadite, 1.61 0.063 148 0.434

chicrie

Silt of low » .67 0T qoarts | chierits 0T I 1.% 0.0

plasticity

NOTE: + The ectivity of 2 il i vvalmted by i comsiuctivity.
Conductivity < 0.4 mS/cs - non-pommoiesa; 0.4m%/cm < comdwctivity < 12mS/ce -
ordinary pomolanicity; comductivity > 1.3mS/cm = good pamslasicity

TABLE 3

READFUSTMENTS OF MIXING RATIO AND MIXING PROCEDURE

I Amount| Water | Admix Peoetration Withdrawal
of con- ture - R of read
Time cament | temt ) mesd | revolution speed | revolution
(egfmd) | (WIO) (m/min) | (r.p.m.) (mjmin)| (r.p.m.)
Dec. 1992 190/T70 13 ! 07, L0 B4 10 E X Bassd on laboratory mixing
rato umt
Apr. - Junei N Strength low and poor
195 20180 10 ! 08 4 1.0 5.0 uniformity sccording o the
first tast om firid eampies
July - Sepe Strength still lower than
{ 1993 20N% 09 3 o5 n4 1.0 0s required according to the
i oscond test on field eamples
After Sept Streagth a bit higher than
1933 190160 09 3 08 B4 10 50.8 according to the
third tast on field smples
TABLR 3
FIELD SAMPLING AND RESULTS OF LABORATORY STRENGTH TESTS
T
Sampling| Barehole | Amount Water/ | Amount off Tome of Timme of | Age | Sampling | Number of | Aversge
b t camant deni P ‘ i ™ate mmples strength
(kg/m3 )| ratio ) (dimfyr) | (dfmfyr) | day (%) ( MPa)
{ 1 TTO/100 1.3 i 7.12.1962 3.4.1983 [ T 2 0.2-0.62
2 200/150 10 ! 7. 41983 |18 6193 | &2 100 2% 181
]
3 200180 10 ! 13, 4193 0. 61953 -] 100 n 228
4 20110 09 3 . 7.199 18. 9.19%3 -] 100 18 a0
5 20/170 0.9 3 18, 7.1953 18. 9.19%3 -3 100 z 245
]
6 Z30/170 08 3 16. 7.19%3 20. 91983 6 100 a .87
7 20110 1.0 ! 1B 7190 2. 5190 -] 100 ” 338
8 190/160 [ X] 3 %. 9190 15.12.1950 82 100 19 b&
W
9 190180 09 3 xn 9190 16.12.1960 a2 100 18 n

NOTE: « Strength differs greatly s the mizturs is not uniformly wized.

Figure 46. Field and laboratory strength variation with soil type, water/cement ratio,
and cement factor (Min, 1996).
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Figure 47. Variation in strength with cement content (Asano et al., 1996).

75




quf (kgf/cm2) (Tc=28days)

0 10 20 30 40 SO 60 70 80 90 100

-10.0
A —nes
T
o %
_. —I18.S5 REAN
E o .F\.':’o
7o~ —20.0 XX R
= n':-P *le
: e 1 %
. ﬂ) '.c’ 1
(=] ..0:‘ .t .
;: jo :!‘n .
—~130.0 screr}:;!t;.l? \..
originall’'¥’
ground v [
* 4
. ‘.\(.
N ., e
-40.0
(c)0Osaka-B
q,, (kgt/cm?)
10 20 30 40
._7 ) °'
° °
o 30 o‘ R
. ()
—lo ° Qo?ﬂA' °
~~ o go ° LY
5 o H °3‘;o o
° A& o0
gl
= ° & ’91 o
- p d’eo Q° o °
% o °d° ° 3 o
% %4 § °
[an] —IS ] n T o
o % % Q0 °
rd d’g’°° o°le
D;» ] L]
oqP° o® °(ﬂ°
° 8
s 9 °
(e)llyougo

Figure 48. Distribution of strength of improved soil with depth (CDM Association, 1994).
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Figure 49. Relationship between strength and modulus of linear deformation
(Eso) for laboratory improved soil (CDM Association, 1994).
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Figure 50. Relationship between strength and modulus of deformation for field samples

(Okumura, 1996).
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Figure 52. Volume of improved soil by the CDM method for land and marine projects

(data from Okumura, 1977).
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Figure 53. Deep mixing projects using CDM in Japan: (a) land projects and (b) marine pI‘OjeCtS
(data from CDM Association; 1994).
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Attachment 2. CDM Brochure. :

"

. Cement Deep Mixing
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A new generation soil improvement systems

widely employed in the sea and on land.
Cement Deep Mixing Method COM Method

The soft and momcohesive properties of Japanese soils are
well known in the world. The soft soil improvement tech-
niques have been studied for loag time in the civil engineer-
ing field in Japan, and so many methods have been developed
and employed.
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Today, the needs comes to extend areas of high quality,
stabilized ground layer in short period, accompanied with
mega-scale construction projects planned on the soft ground
layer, besides environmental conservation is also required.
To respond with the demand, a new consturuction method,
“Cement Deep Mixing (CDM) method” has been developed
through research and study, as well as the instruction of the
Port & Harbor Reseach Institute of the Ministry of Trans-
port and the other customers.
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The CDM method is an applied chemical solidificatio
technique, which inserts and mixes a cement slurry into so
ground to produce a more solid ground foundation. Esta’
lished in 1977, the Cement Deep Mixing Method Associ:
tion consists of companies that joined together to promor
and improve this method. So far, excellent results have bee
obtained in many operations ail over Japan.
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* > Whatidoes COM method mean?

The COM method is a soft soil stablizing method which mixes cement siurry with soft soil insitu

to attain a required strength.

Soft soil s stabilized by the 2-phsse chemical reaction :
First, 8 hydration reaction caused when the cement mixes with water, sn sttringitte ot capillary
Crystals is generated. As the age grows, thopmductofhydnnongomratuapozzouna
reacton with the clay minerals in the soif.

product

(lrm Chart of Stabilizing Principle
I Cement+H,0
|
|

Hydration

Improved soil

clay
minerals

> Features of COM Method

Required
strength is
surely
obtainable.

Required strength can be
surely obtained by setting
a proper cement mixture
rate suitable for the condi-
uon of the soit to be im-
proved.

e s SR e

Reduction in
project
period.

Use of an accelerating
agent reduces the period
to obtain a required
strength. So, significant
reduction in project period
is available.
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B Polstionship  between added
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n
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aw (%)
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M Result of mosre espariment in leboretory

30 F

No settlement
due to
consolidation

No contamination
No pollution

The strength of the im-
proved soil prevents set-
tiement due to consoh-
dation.

Solidification of soft
ground insitu leads 'to no
sea water contamination or
secondary pollution. In
additon, the low vibration
and low-noise during oper-
ation does not affect sur-
rounding structures.




ir e e W e

Variety
of applications

Great power of digging
and mixing enables the
easy penetration through
the relatively hard stratum
on the way, anchorage to
the bearing stratum, and
improvement to various
types of foundation.

Excellent
reliability in
execution control

The centralized ccntrol
system for the slurry dis-
charge, improved penetra-
ton depth, number of
rotation, and the control
of the slurry plants enables
integrated execution con-
trol.

Effective
use of
resources

Compared to conventional
methods, CDM saves
resources because it stabi-
lizes soft ground without
using a great amount of
sand and gravel.
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Cost
effectiveness

Entire project costs are
more effective than other
methods for the greater
strength obtained and less
volume of ground to be
improved.



» Application of the COM method

The CDM method is useful for temporarily structures, e.g., cut-off walls and shoring barriers,
to ensure a steady foundation for digging, as well as the improved foundation ground for many
types of structures.

Revetmaat
foundation

Quarywall
toundation

Pl
foundation

Foundation

Artificial isiand
Toundation

Steady diggmg
of shisld tumnal

Buliag
foundation

Temporary usage
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» Design of COM method

Types of improved ground by COM method are classified into block, wall, grid, and pile. The
design is based on selected type.

{Dasign condition)

(DGenersl conditions

Location to design, extension of sxscu-
otc.

Planned weter depth, pianned top hewght,
surcharge, etc.

QOperation conditions. and others

(Extormal stability calculetion}

N e ¥ L R
L e | P || Pe
Py " P

BP1 e P e ot by sy (A3 a0
» bawd guam.

(Shding)
Lquoﬂﬁl\dwﬂtanOhf“ﬂi:

condition £, +IP,
PR . Jovwy
F3= 3P+ 2P. T THK

(Overturming)

1.2 for ordicsl condition 1.0 for seismic
condition Fa= IM, (Resistant mornent)
IM,{overtuming moment}

{Bearing capacity of the grownd)
P ,sq,
Gu ;. Alowable besring capacity

{intornel e
stability .
caiculation) " \

(Maximum soil reaction st the froat toe)
P S

{Shearing unit stress)
= V-W {Shearing stress} “

AlArea)

6T o/2

Procedure of designing block type and well type
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»Procedures of COM method

The CDM method is executed by machines dedicated to
marine operation and on land operation incorporating a
centralized control system, including ship guidance system,
slurry plant control and operation control equipment.
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Soil Stabilization Principle

Cement+H,0 & In Situ 5o

Hydration

Reaction

v Proven T

Hydration 4 clay
product minerals

Improved soil

Relationship Between Cement Dosage & Strength
[Age 4 weeks)

Qo (agl/ee)

20 30
aw (M)

weight ol cement
* aw. Cament Dosage aw e

* Results ol mxng 7 in laboralory

X100 (%)
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SHALLOW SOIL MIXING - SSM (7)

1. INTRODUCTION

Geo-Con. Inc. introduced their mainly WRE system on a project at San Angelo, TX, in 1988.
The main purpose of the system was to provide economic stabilization of contaminated soils to
12 m in depth by using a single shaft with a relatively large-diameter mixing tool (1 to 4 m).
Solidification and fixation of many contaminants in situ have met Environmental Protection
Agency (EPA) standards. More recently, applications for geotechnical projections have been
conducted.

2. GENERAL PROCESS (Figure 54)

The auger is rotated into the soil at about 15 rpm. Grout is injected via two ports in the mixing
shaft. Altematively, dry binder (cement and/or lime) can be added at the top of the column and
then blended by vertical cycling of the mixing tool (DRE variant). Rotation and injection
continue during withdrawal, and cycling up and down over certain distances is common to
improve mixing efficiency and to ensure that strength or permeability performance criteria are
met.

3. EQUIPMENT

Base Typically, a crawler crane (100 to 150 tonnes) with a high-torque bottom drive
turntable.

Shaft A single shaft is suspended by cable from the crane. A mixing tool (e.g.,

Figure 55) is fixed to the bottom, and its exact design and dimensions are dictated
by the site conditions and refinements. A shroud can be placed around the shaft
to catch potentially noxious vapor releases (Figure 56).

Grout Plant  Typical grout plant (with positive displaced pumps) as used for DSM or jet
grouting. Dry binder is blown in, similar to the Lime-Cement Column Process.
Other equipment shown in Figure 54 may be used depending on the application
(one variant uses steam or hot compressed air to extract volatile pollutants (Geo-
Con, Inc., 1996). The DRE variant is used in soils and sludges with moisture
contents above about 50%.

Control Injection parameters are computer-controlled.

Production  Industrial production can vary from 500 to 1500 m® per shift.
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4. MIX CHARACTERISTICS

Grout. Grouts of various types and compositions can be used (cement, bentonite, flyash, lime,
and proprietary reagents). Dry materials and biological reagents can also be used in appropriate
conditions. Cement factors are usually in the range of 240 to 320 kg/m’, higher for increased
strength or lower permeability (400 kg/m?).

Treated Soil. In granular soils, strengths of 3.5 to 10 MPa are obtainable. In high-water-content

sludges, 0.6 to 1.2 MPa is a more common range. The hydraulic conductivity can be as low as
1 x 107 my/s, but this is rare and expensive.

5. PATENTED/PROTECTED FEATURES

None known.

6. PARTICULAR ADVANTAGES

It is a very competitive system, allowing economic and fast treatment of a variety of soils and
sludges containing a range of contaminants, including creosote, tars, organics, petroleum, et al.

7. OPERATING COMPANY

Geo-Con, Inc. of Monroeville, PA, is currently a wholly-owned subsidiary of URS Greiner
Woodward Clyde. It has other offices in CA, FL, NJ, and TX.

8. REFERENCES

Day, S.R. and C.R. Ryan. (1995). “Containment, Stabilization, and Treatment of Contaminated
Soils Using in Situ Soil Mixing,” Proceedings of the ASCE Specialty Conference, New Orleans,
LA, February 22-24, 17 pp.

Geo-Con, Iné. ( 1996). Promotional information.

Walker, A.D. (1992). “Soil Mixing and Jet Grouting on a Hazardous Waste Site, Pittsburgh, PA,
USA,” Grouting in the Ground. Institution of Civil Engineers, London, pp. 473-486.
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AND COMPLETE TREATMENT

Primary and secondary overlapping bore patterns.

Figure 54. Schematic of SSM equipment and typical mixing patterns (Geo-Con, Inc., 1996).
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Figure 55. Lower portion of the SSM mixing tool.
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Shallow Soil Mixing System

Figure 56. Shroud to capture emanating vapors and dust while treating contaminated soil and
sludge up to a 10-m depth (GeoCon, Inc., 1996).
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SOIL-CEMENT COLUMN (SCC) (8)

1. INTRODUCTION

This WRE system is offered in the United States by SCC Technology, Inc. in California, a
subsidiary of the Japanese inventor, Tenox Corporation. It is promoted as an economic, flexible
DMM variant, perhaps best suited for smaller projects, principally piled supports, in situ
reinforcement, seepage barriers, and excavation support in soft cl%s or loose sands. Most
recently (Taki, 1999), the product is referred to as a Geo-Column '™ (Attachment 4).

2. GENERAL PROCESS (Figure 57)

The shaft is advanced into the ground at about 30 to 60 rpm, while grout with a low
water/cement ratio is injected to provide a predetermined (low) volume ratio. Upon reaching
bottom, further grout is injected and mixing continues for another minute prior to withdrawal.
This occurs with reverse rotation and no further grout injection. The shaft carries a “share” blade
(Figures 58 and 59) located above the drill bit that is free to rotate on the shaft. It is of larger
diameter than the driven mixing blades and thus its rotation is generally restricted (Figure 60).
This is the special, patented TENOBLADE, which dates from 1979 in Japan. The consequence
of this action is reportedly a very thorough mechanical mixing in any soil (including clay, silt,
organics, and peat above or below the water table). Given that there are three pairs of “cutting-
mixing” blades, the soil is attacked six times during penetration and six times during withdrawal.
Further details of the method are provided as Attachment 4.

3. EQUIPMENT (Figure 61)

Base Any available carrier can be used that can provide sufficient mast length, power,
and maneuverability. SCC Technology, Inc. claims that this could be a crane or
track rig with a top- or bottom-drive rotation. A swivel at the top of the rods
allows the slurry to be injected. a

Typically, a one-shaft set-up is used (for piles), although two can be used for
ground treatment or cutoffs. These single shafts can be 0.6,0.9,1.0,1.2,0or1.5m
in diameter. Double shafts are 0.8, 1.0, and 1.2 m in diameter. These can be
installed to a maximum depth of 20 m.

:

Grout Plant  As shown in Figure 61.
Control As shown in Figure 61.
Production  During penetration (at 30 to 60 rpm), the advance rate is 1 m/min (15 to 30 mm

per rotation, thus creating small-sized cuttings and therefore enhancing mixing
quality). Rate of penetration in stiff clay is dependent on rotational speed, which,
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in turn, will be limited by the available torque. Industrial productions of 100 m?
of wall per 8-h shift and 25 piles, each 15 m deep, per 8-h shift have been
claimed.

4. MIX CHARACTERISTICS

Grout. The water/cement (Type I-II) ratio (by weight) ranges from 0.6 for soft silts/soft clays, to
0.8 for firm clays, to 1.0 or 1.2 for sand. This is relatively low, but helps to reduce the injection
volume ratio (i.e., volume of grout/volume of pile) and thus minimizes cement usage and spoil.
Additives (including bentonite for cutoffs, lime or flyash for organics, marine clays and
contaminated soils) and other slurries can be used, depending on the soil type to be treated and
the desired result. SCC Technology, Inc.’s philosophy is to use these lower water/cement ratios
to give strength while still using a low injection ratio. A cement factor of 1.5 to 3 times the
required target factor is used.

Treated Soil. Strength is largely a function of initial soil type and material added as well as
curing time and efficiency of mixing. A plot of strength versus cement used is shown in
Figure 62. Strengths of 3.5 to 7 MPa are obtainable in sandy soil and strengths of 1.3 to

7.0 MPa are generallg' obtainable in cohesive soil. Soils are moved less than 1 m vertically.
Permeabilities of 10™ m/s can be obtained. Data from more than 2,000 projects indicate that
28-day unconfined compressive strength is 1.45 times the 7-day strength for silt and clay soils
and 2 times the 7-day strength for sandy soils. Mixes with high water/cement ratios have no
long-term strength gain beyond 28 days.

Shear strength is estimated as 30% UCS, tensile strength as 33% UCS, and Esp as 180 x UCS.
Depending on the desired strength of the soilcrete column, between 150 and 400 kg/m® of
cement is used, which corresponds to a volume of slurry of 23 to 35% of the native material,
depending on the water/cement ratio (0.6 to 1.2). (Typically, a low-volume injection ratio is
used to minimize cement usage and spoil, which, therefore, necessitates the use of the Share
Blade action.)

5. PATENTED/PROTECTED FEATURES

The svstem and the drilling/mixing tools are patented in Japan by the Tenox Cerporation, and are
proprietary to SCC Technology, Inc. in the United States.

6. PARTICULAR ADVANTAGES

Within its geotechnical and geometrical boundaries, this DMM technique offers very high
mixing efficiency, consistency and quality, and moderate (< 30%) spoil (which has a low cement
content). It is also relatively cheap to mobilize ($15,000/rig) and can utilize “local” carriers and
ancillary equipment (including small-scale grout plant or Readimix). Columns can be installed at
any angle (up to horizontal) and can accept reinforcing steel. Quoted prices are typically $50 to
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$80/lin. m of column (0.6 to 0.9 m in diameter); $70 to $100/m? of wall; or $40 to $60/m? of
foundation area.

7. OPERATING COMPANIES

This process is operated in the United States by SCC Technology, Inc. The company serves 17
States. Since 1993, it has completed about 10 projects, mainly in California (Bay Area). In
Japan, over the last 15 years, the annual volume of columns installed by Tenox Corporation has
been $100 to $200 million, with a total of 9,000 projects competed from 1979 to 1997.

8. REFERENCES

Bell, R. and A. Dover. (1997). “Soil Cement Pile Foundation for a Large Storage Tank and
Retaining Wall — Case History.” Proceedings of the Deep Foundations Institute’s, 22™ Annual
Member’s Conference and Meeting, Toronto, ON, October, pp. 55-66.

Hibino, S. (1996). “Monitoring of Subsidence of Building on Ground Improved by Deep Mixing
Method.” Grouting and Deep Mixing, Proceedings of IS-Tokyo '96, Second International ’
Conference on Ground Improvement Geosystems, Tokyo, May 14-17, pp. 595-601.

Taki, O. (1992). “Soil-Cement Column for the Building Foundation.” Proceedings of the Deep '
Foundations Institute’s 17* Annual Member's Conference and Meeting, New Orleans, LA,
October, pp. 275-289.

Taki, O. (1999). “Geo-Column.” Presented at the University of Wisconsin-Milwaukee Short
Course on Deep Mixing Methods, Anaheim/Orange County, CA, Apnl 26-27, 19 pp.

Taki, O. and R. Bell. (1997). “Soil-Cement Pile/Column.” SCC Technology, Inc., 23 pp.
Taki, O. and R. Bell. (1998). “Soil-Cement Pile/Column — A System of Deep Mixing.” Soil

Improvement for Big Digs, Proceedings of Geo-Congress 98, American Society of Civil
Engineers, Geotechnical Special Publication No. 81, Boston, MA, October 18-21, pp. 27-40.
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Set the auger at the center of a pile for s

Drill down to the cut-off depth without gro
Drill with injection of cement grout below

After reaching the bottom, withdraw the aug:
mixing in reverse rotational direction withe

The end of the SOIL CEMENT PILE process.

Figure 57. Production procedures (Taki and |
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State of rotation

Figure 58. Mixer configuration at rest and in motion, illustrating the concept of the fixed blade
(Taki and Bell, 1997).
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Grout Exit Port

Figure 59. Special drill/mixing tool (Taki and Bell, 1997).

108



Share blade path

E
o
3
)
o0
8
X
3
80
=
s
5
Q

Figure 60. Drill/share blade penetration (Taki and Bell, 1997).
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Figure 61. SCC control and grout plant facilities (Taki and Bell, 1997).
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Figure 62. Relationship of unconfined compressive strength, cement content, and soil type
(data developed with a water/cement ratio of 0.6 to 1.2, and a volume injection ratio
of 23 to 35%) (Taki and Bell, 1997).
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Attachment 4. SCC Technology, Inc. brochure (from Taki and Bell, 1997).

The procedure for mixing is as follows:

1.

Cement grout is ejected from the grout exit port located just behind the cutting blades (5°
from horizontal), where the grout mixes with the cuttings as the drill penetrates into the in
situ soils. There are typically three pairs of mixing blades. The soil cuttings and grout
rotate with the drill blade and are only partially mixed. The elevation on the mixing
blades lifts the soil-cement during penetration and compresses (counter-rotated) it during
excavation. _

As the drill penetrates deeper, the grout-soil mixture encounters the “share blade,” a
non-driven blade with a 5° inclination to vertical (thickness proportional to diameter = 6
to 25 mm), causing shearing action, which thoroughly blends the soil-grout mix. (The
share blade actually rotates about 40° per minute during drilling penetration due to its
slight inclination.) _

As the drill continues to penetrate deeper, the soil-cement mixture is further blended by
the cutting-mixing blades. At a penetration rate of 1 m/min and 30 to 60 rpm, there is 1.5
to 3 cm of penetration per rotation, and so the three pairs of blades finely cut and mix the
soil.

When the drill reaches the planned penetration, depth, rotation continues for about 1 min
with continued flow of grout and then the grout flow is shut off.

Because the grout-soil mixture at the bottom of the pile/column does not encounter the
share blade or cutting-mixing blades, it is necessary to perform bottom mixing after
completion of the planned penetration.

Bottom mixing consists of counter-rotating the drill shaft and withdrawing the
drilling/mixing tools at approximately the same rate as drilling (1 m/min) for 1.5 to 3 m,
then rotating in the forward direction while lowering the tools to the bottom depth. The
tools are then withdrawn with counter-rotation of the drill shaft at abc..: the same rpm
and rate of withdrawal as the initial rate of penctration. The slight an:.: of the cutting-
mixing blades compresses the soil-cement into the pile/column during counter-rotation
and withdrawal of the drilling/mixing tool. This is a key factor in producing uniform
mixing. :

It will be noted that the key element is the share blade, which is a relatively new invention. (Its
name comes from the share blade on a farming plow.) The share blade is not fixed to the drill
shaft, but is free from the rotation of the shaft. The share blade is slightly larger than the drill
diameter so that it cuts into the side of the in situ soils. The share blade is at a slight inclination
from the axis of the drill shaft (Figure 59).

The cutting-mixing blades are inclined slightly from the horizontal so that they tend to lift the
soil-cement mixture when the drill is in the forward penetration direction of rotation, and to
compress the mixture during withdrawal with counter-rotation.
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Geo-Column™ for :

* Building Foundation

* Ground Stabilization

o I..léulfactlon Prevention
¢ Slope Slide Prevention
s Cut-off Wall

e Excavation Support Wall
* Solidification/ Stabilization of Contaminatsd Soil

Any Soil and Site Condition

— - A
H 3%

SCC TECHNOLOGY, INC.
P.O.BOX 1297, BELMONT, CA 94002
Phone: (650) 592-3435 Fax: (650) 637-1570 Email: taki@scc-tech.com
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Column Diameter: 5 feet ( 60 inches)

Geo-Column'

IN-SITU, UNIFORMLY MIXED SOIL-CEMENT COLUMNS

* Pile Foundation * Settlement Prevention
* Ground Stabilization * Slope Stabilization
* Liquefaction Prevention * Earth Support Wall

SYSTEMS FOR GROUND IMPROVEMENT

SCC TECHNOLOGY, INC.
P.0. BOX 1287 « BELMONT, CA 94002 « {650)592-3435 « FAX (650)637-1570

lin=254mm, 1 {t=0305m
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SCC TECHNOLOGY, INC.

P.O. BOX 1297, BELMONT. CA 94002

Geo-Column™

Production Procedures

System

Set the auger at the center of a pile for start of driiing.
Drill down to the cut-off depth without grout injection.
Drill with injection of cement grout below cut-off depth.

After reaching the bottom, withdraw the auger and continue
mixing in reverse rotational direction without grout injection.

The end of the SOIL CEMENT PILE process.

Cament Reagent
Silo Silo
Water
Tank
Weigh
Scale
Slurry

Comee ) Mixer

Agitater
Tank

Flow Slurry
Meter Pump

"u

ATAY

SCC TECHNOLOGY, INC.
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Geo-Column'

IN-SITU, UNIFORMLY MIXED SOIL-CEMENT COLUMNS

\
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San Francisco, MUNI Metro
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Ground Stabtlization
Mt. Yiew, CA 1993

Tank Foundation, Richmond, CA 1993

for more information please call:

SCC TECHNOLOGY, INC.
P.O. BOX 1297, BELMONT, CA 94002 (650) 592-3435, FAX (650) 637-1570
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Geo-Column’

IN-SITU, UNIFORMLY MIXED SOIL-CEMENT COLUMNS

Earth Support Walls
Sewage Box Culvert

Islais Creek -B-

S.F. City/County, CA 1995

Retaining Walls
Slope Stabilization
Chevron Refinery
Richmond, CA 1995

for more information please call:

SCC TECHNOLOGY, INC.
P.O. BOX 1297, BELMONT, CA 94002 (650) 592-3435, FAX (650) 637-1570
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SCC zCHNOLOGY, INC.

PO k1257 BELMONT CA 34002

Geo-Column’

SYSTEMS FOR GROUND IMPROVEMENT

SCC TECHNOLOGY, INC.
PO BOX 1297 + GELMONT, CA 34002 - (65015923435 + FAX (65016371570
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Geo-Column’ Hews LETIEn

Jefferson Avenue Underpass Cutoff Walil

in down town of Redwood City, Califomia, project of Jefferson Avenue Underpass to the
CalTrain is now on going. 50,500 SF pemmanent cutoff wall by Soil-Cement Columns was

used because of the reductionof pumping inand after the project. And also the parts of cutoff
wall are using as shoring walls.

—

Weoskow St

Frankn St

N [

-TI
v s——— Cyoft wall 1‘] @I Cutoft wall with shoring beam

Figure 1 Plan of cutoft wall

This cutoff wall was onginally designed by soil-cement colurmns, 30 in diameter, 2 ft center to
center, 48 ft depth. 1/150 vertical and 200 psi columns strength.
Mix design by cement-bentonite were achieved to the specified 1x10° cm/sec permeability.
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Figure 2 Detan of snoring wak (A-A)

Owner : City of Redwood City Engineer . Brian Kangas Foulk

Structural Engineer : Biggs Cardosa Associates  General Contractor : Dillingham Construction

for more information please call:

SCC TECHNOLOGY, INC.
P.O. BOX 1297, BELMONT, CA 94002 (650) 592-3435, FAX (650) 637-1570
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MecTool® (9)

1. INTRODUCTION

This WRE method has been patented by Millgard Environmental Corporation in the United
States. As shown in Figure 63, it was primarily intended as an environmental cleanup technique,
having high-volume air-handling units mounted on the crawler to provide “high-pressure
injection and vacuum extraction with particulate and absorption capabilities tailored to the
contaminant profile.” In recent years, however, the technique has been promoted in the
geotechnical market for seepage barriers, soil stabilization, and foundation construction. A
companion method for marine work — Aqua MecTool® — has also been patented, which features
a patented isolation mechanism which encloses the submerged tool, protecting the water above
from secondary contamination. MecTool® was the winner of the 1993 NOVA award for
construction innovation.

2. GENERAL PROCESS

Grout is injected through the hollow kelly bar, cable-suspended and rotated by a fixed turntable
rotary drive. For “plastic soil conditions,” grout is placed in a predrilled hole in the center of
each element and blended with the tool, to form a larger diameter. This reportedly gives
excellent control over grout and spoil quality. A proprietary additive is used in the grout which
breaks down plastic soils, thereby enabling conventional WRE-type injection and mixing.
Columns of up to 4.2 m in diameter are possible to depths of 25 m.

3. EQUIPMENT (Figure 63)

Base Suitable crawler.

Shafts Singlg, hollow with end-mounted tool.

Grout Plant Readimix grout fed into pumps that can deliver at up to 2 MPa.

Control Computer control over “major system components,” also providing full
documentation of the parameters of each column.

Production  Not available.

Note that the equipment is described as complete, compact, and highly mobile, appropriate for
operating in tight quarters “and ideal for pilot-scale tests.”
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4.  MIX CHARACTERISTICS

These seen: :0 be highly variable, and are illustrated in the following table:

Depth

Project Name | Date | Diam. Binder Results
ornd Rapids, | 1994 | 24m |27m | DPEL Not available.
UCS =2 MPa
Charleston, SC 36m {3m ;I‘gze 116;(51ass Fash (sands)
o7 k=1x10%m/s
60% Type -+ 22% ash +
‘ 1993 9% activated f:grbon and ‘
Manitowoc, to 21m |96m 9% organophilic clay UCS =0.8 MPa
Wil 1994 | ' cf =34% k=18x10"m/s
Note: Inject on first pass;
mix on second pass.
30% Type I; 10% Pfa; )
0.5% carbon and
lé’gﬁlp;l;ledrston, 25m |Sm 59.5% water (by volume) ESS‘S ; 3(51 éYéP n?/s
Volume factor = 23% )
cf=13.2%

5. PATENTED/PROTECTED FEATURES

As noted above.

6. PARTICULAR ADVANTAGES

As noted above.

7. OPERATING COMPANIES
Millgard Companies based in Livonia, MI, and Medford, MA.
8. REFERENCE

Miligard Corp. data (1993).
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What is MecTool*?

Miligard Environmental Corporation has This integrated system of proven components
designed and patented” an advanced remedi- is engineered to provide unprecedented effec-
ation delivery system that provides superior tiveness in the application of many treatment

application and mixing of most forms methods including:

of in situ treatment. MecTool is a » Dynamic air sparging (injectionivacuum
comprehensive system of high-pow- extraction)

ered mobile equipment, robust soil * Bioremediation (biomass/nutrient injection
boring and mixing tools with high- and mixing) .

capacity injection/extraction * Stabilization/Sofidification (grouts and slurries)
capability.

* MecTook (U.S. Patert 5,135, 058).
Aqua MecTook: (U.S. Putent 5,127, 785)

Figure 63. Details of the MecTool system (Millgard Corporation, 1993).
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RAS COLUMN METHOD (10)

1. INTRODUCTION

RAS (Raito Auger Shaft) Column Method is a WRE method that provides a large-diameter (1.4-
to 2.0-m) column using a single-shaft, double-rod, high-speed counter-rotating system. It
permits high treated soil strengths of good quality and is well suited to providing deep, pile-type
foundations for a variety of structures, as well as ground improvement for other applications.

2.  GENERAL PROCESS (Attachment 5 and Figure 64)

During penetration, the “excavation and mixing head” is rotated by the inner drill string with a
“right turn.” The three mixing wings above are rotated “left turn” (i.e., anti-clockwise) by the
outer dnll rod. Grout is injected via ports at the tip of the “excavation head.” Depths of 24 to 28
m can be reached in soils of N value up to 30. Upon reaching target depth, the shaft is cycled up
and down while additional grout may be injected.

The “excavation head” has a narrow profile blade designed to shear the soil without causing
great lift. (The profile is about the same size as the diameter of the shaft.)
3. EQUIPMENT (Attachment 5)

Base A suitable crawler crane with fixed leads weighing about 130 tonnes, providing
about 175 kW; and 13 tonnes pull-down on the inner rods.

Shafts Concentric, double tubes, counter-rotated by a special head. Mixing paddles vary
from 1.4 to 2.0 m.

Grout Plant  Semi-automatic computer-controlled and monitored plant, mcludmg sxlos feeds
mixer, storage tank, and pumps. Maximum capacity of mixer is 0.5 m 3/min.

Control The construction management system exerts computer control over depth,
penetration rate, withdrawal rate, rotational speed, and injection rate (Figures 65
and 66).

Production  Instantaneous production rates are 0.5 m/min during penetration and 1.0 m/min
during withdrawal. Data showing production rates at three separate sites are
provided in Figure 67.

4. MIX CHARACTERISTICS

Grout. Typically, neat cement grouts are used, with a water/cement ratio of 0.8. Cement factors
are around 300 kg/rn with a grout volume ratio of 33% (one data set only).
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Treated Soil. Strengths may vary from 1 to 6 MPa and will vary with distance from the center of
the column (Figure 68).
5. PATENTED/PROTECTED FEATURES

RAS is understood to be patented by Raito Kogyo, Co., Ltd. of Japan.

6. PARTICULAR ADVANTAGES
Provides relatively high-strength, well-mixed, large-diameter columns even in dense soils, and so

can be very competitive. The highly sophisticated computer control is typical of modem
methods.

7. OPERATING COMPANIES

The Japanese parent, Raito Kogyo, Co., Ltd. is now represented in the United States. by Raito,
Inc. in California.

8. FEFERENCES

Isobe, F.., Y. Samaru, C. Aoki, K. Sogo, and T. Murawaki. (1996). “Large-Scale Deep Soil
Mixing, and Quality Control.” Grouting and Deep Mixing, Proceedings of IS-Tokyo '96, Second
International Conference on Ground Improvement Geosystems, Tokyo, May 14-17,

pp. 6/9-624.

Raito Kogyo Co., Ltd. (Date unknown). “RAS Column Construction.”
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Mixing Wi
of Inner Ruz};

Excavation-mixing rod

(1)Performance

Diameter of mixing wing, 1,4C0 to 2,000 mm.
Excavation mixing speed, 0.5m/min.

Pull up speed, Im/mun.

Depth of mixing. up to 24m

N value up to 30

Target of mixing soil,
' (gravel, sand laygr) _

Produced column strength, 1.0 t0 5.0 MPa
Output of power (torque), 175kW (kN-m)
Inncr pipe thrust (dead load),  about 12t
Basemachine . 120t class

Figure 64. Excavation-mixing machine and rod (Isobe et al., 1996).
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Inner Rod Torque (KN-m)

Figure 66. Relationship of rod torque to mixing diameter and N-value (Isobe et al., 1996
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Figure 67. Soil property and cycle time of construction (Isobe et al., 1996).
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Strength of Sampling core (MPa)
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Attachment 5. RAS Column Method brochure.

Inthis day and the prncipal objectine of desclopment i

narmony with nature but with ts ol the

environment While  creating an afffuent socicty  and

sup| g an advanced civilizatien we must ultimstely live
together with nature
In today s modern world this should be our uitimate goal

RAS Column Construction

Large-bore. mechanical stirring, deep soil mixing construction

RAITO KOGYO CO,, LTD.
Head Office
2-35, Kudan-Kita 4-chome,Chiyoda-ku,

—— Tokyo, Japan ,Post Code 102
Railo  Phone.03-3265-2551 FAX.03-3265-0879

Raito
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RAS Column Construction Procedure
Setting up the machine Boring and stirring Reaching the required dep

| & con
B i
onstruction
. ¥ column machne

RAS

136



Turning Lifting and completion
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Advantages of this construction method

construction.

are reduced.

Adaptable to any soil improvement method.

CEEEEELRE

Greener construction

Improvements are made more efficiently, so that costs

Applicable to a wide variety of soils, and improvements of excellent quality are achieved.

Construction with an improvement bore of 1,400 mm to 2,000 mm diameter is possible.

The reverse rotation mechanism ensures mixing and stirring uniformity and verticality of

The specialized construction management system ensures high reliabitity in construction.

Applications

o improvement in the foundation soil of
structures
MFoundation soil of structures
BFoundation soil of tanks
WFoundation soil of retaining walls

MFoundation soil of culverts

0 Other applications
BPrevention of liquefaction
HPrevention of subbase settling
WPrevention of sliding of banks
WPrevention of ground uplifting

ECutting underground girders for ground preparation
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RECTANGULAR-1 METHOD — CUTTING WHEELS (11).

1.  INTRODUCTION

This method employs two shafts with a combination of a series of horizontal mixing blades and
rotated vertical vanes to create rectangular-shaped columns (Figure 69). The advantage of
rectangular-shaped columns is that column elements can be created adjacent to one another to
form a stabilized wall or mass without the typical overlapping and remixing required for
cylindrical columns. This revolutionary new method is classified as WRE.

2. GENERAL PROCESS

Two adjacent shafts equipped with mixing blades and vanes are rotated during penetration.
Cement grout is injected through nozzles at the tip of the mixing axles during penetration or
withdrawal or both. The excavation auger at the tip of the mixing axles and the horizontal
mixing blades make a “figure eight”-shaped column arrangement. The vertical mixing blades
plane the front and back sides of this cross-section, creating a rectangular element, that is wider
in the direction parallel to an axis through the mixing axles. ’

3. EQUIPMENT

ase A suitable crawler crane is used with fixed leads.

o

Shafts The mixing assembly is shown in Figure 69. Two mixing axles are used, which
are connected by steel pipe to avoid rotation of the mixing axles on their own
axes. A single flight auger is located at the base of each mixing axle. Cutting
teeth are mounted on the leading edge of the augers. One horizontal mixing blade
is mounted directly above each excavation auger, but at different elevations.
These blades have a slightly larger diameter than the excavation augers to enlarge
the column diameter. Vertical vane assemblies are mounted above these
horizontal mixing blades. Each vertical vane comprises an 8.82-kN-m gear box
with four claw-like mixing vanes on the front and back of the axle. The gearbox
transfers the horizontal rotation of the mixing axles into vertical rotation of the
vanes. The gearboxes share a common power source, and additional power is not
required, making this equipment versatile and easy to maintain. Three additional
horizontal mixing blades are mounted above each of the vertical vane assemblies.
The blades and vanes on the mixing axles are offset vertically to avoid contact
between them and obstruction of upward or downward flow of slurry during
operation. A rectangular column 1800 mm by 1,000 mm is constructed using this
equipment. Since the columns are constructed adjacent to one another without
overlap, the vertical accuracy of the installation is very important to avoid space
between columns and to provide adequate transfer of load between elements.
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Grout Plant  No data provided in the only reference found.

Control A field test was conducted to compare the work efficiency and quality of ground
improvement achieved under overlap conditions ranging from no overlap to
between 100 mm and approximately 200 mm of overlap. Installation of columns
against an existing hardened mass was also studied. Columns were installed to a
depth of 15 m in sands and silts with Standard Penetration Test blow counts (N)
of 0 to 10. The installation efficiency and vertical placement accuracy were
reported to be “equal to or better than the conventional methods regardless of
whether overlapping was used or not.” The results of the installation of columns
against the existing mass were not discussed.

An inclinometer is fixed at the top of the vertical mlxmg unit, and deviation from
the vertical axis is measured and plotted in orthogonal directions during column
installation.

Production = No data were provided.

4. MIX CHARACTERISTICS

No data were provided.

5. PATENTED/PROTECTED FEATURES

The vertical mixing assembly may be assumed to be patented.

6. PARTICULAR ADVANTAGES

The method creates rectangular-shaped columns that require no overlap of columns to construct
walls and treated masses. There is a better transfer of forces between column elements due to
their rectangular shape. No untreated soil remains between elements. A vertical convection flow
of soil is generated during mixing by the vertical mixing vanes. There is good vertical control.
The method should provide a high industrial production since there is no need to overlap

columns.
7. OPERATING COMPANIES

Engineers from Shimizu of Japan have published the only known reference, which describes a
field trail in Japan. ‘
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8. REFERENCES

Watanabe, T., S. Nishimura, M. Moriya, and T. Hirai. (1996). “Development and Application of
New Deep Mixing Soil Improvement Method to Form Rectangular Stabilized Soil Mass.”
Proceedings of IS-Tokyo '96, Second International Conference on Ground Improvement
Geosystems, Tokyo, May 14-17, pp. 783-786.
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Figure 69. Schematic of mixing blades (Watanabe et al., 1996).
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RECTANGULAR-2 METHOD - BOX COLUMNS (12)

1. INTRODUCTION

This WRE method produces rectangular or square columns through the use of a box that
surrounds the mixing tools and contains the treated soil within this box frame. The blades mix
the soil within the box, forcing the soil from the corners of the box to the center, producing a
more uniform mix. The advantage of this method is that it requires less overlapping during
column construction to make a block of treated soil. The development of this system is still in
the experimental phase, and a laboratory model test program and two field test programs have
been conducted to date.

2. GENERAL PROCESS

The mixing shaft is rotated into the ground together with the box dasing, which contains the
treated soil. Cement slurry is injected during penetration. The shaft is counter-rotated during
withdrawal. A schematic of the installation steps is shown in Figure 70.

3.  EQUIPMENT
Base A suitable crawler crane.

Shaft A detail of the mixing tool and box frame is shown in Figure 71. This system
employs a single shaft with a 1-m-diameter mixing blade assembly consisting of
four horizontal mixing blades. The blade at the tip of the mixing shaft contains
cutting teeth. The box casing consists of a 1-m-square steel frame situated
between the second and third mixing blades. The box casing does not rotate
during mixing, but moves vertically with the mixing shaft during penetration and
withdrawal.

Grout Plant ~ No information is available, but it is assumed to be similar to CDM.

Control Laboratory model tests were performed, and two field test programs were
conducted — one in clayey soils and one in sandy soils. The laboratory model
tests were conducted on sands to investigate the mixing mechanism within the
box casing and to determine the level of uniformity of the mixing within the box.
The conclusion of these tests was that the soil in the corners of the box casing
moves with the rotation of the agitator when the passive earth pressure of the soil
is exceeded. The well-mixed material at the center of the box then moves into the
comners of the box, producing a uniformly mixed cross-section as mixing

progresses.
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Production  Penetration and withdrawal rates from a test program conducted in clayey soils
were 0.5 and 1.0 m/min, respectively. The mixing shaft rotation speed used was
30 rpm.

4. MIX CHARACTERISTICS

Grout For the field (100 to 300 kg/m®) and laboratory (200 to 400 kg/m3 ) programs, the
cement factor ranged from 150 to 400 kg/m Reported water ~to-cement ratios
ranged from 1.0 to 1.2.

Treated Soil The quality of the treated soils produced during the field tests was evaluated
through the following parameters:

° Comparison of the unconfined compressive strength of the core specimens recovered
from near the center and from the corners of the box.
Core recovery percentage.
Coefficient of variation in UCS.
Comparison of strengths of laboratory-mixed samples and core specimens.

Unconfined compressive strengths of treated clayey soils increased gradually with depth from
approximately 1.2 to 4.2 MPa. Cores were also cut perpendicularly to the axis of the columns at
depths of 0.9 to 1.6 m from the ground surface. Similar strengths were measured in these cores
as in the vertical cores. No significant difference in strength within these transverse cores was
identified from the corner to the center of the column.

The percent of core recovered from the test columns ranged from 92% to 100% in the clayey
materials and was 100% in the sandy materials. No difference in core recovery was noted
between the corner cores and the central cores.

The coefficient of variation of UCS was measured to be between 36.3% and 38.3%, which
corresponds to a reportedly typical coefficient of variation for DMM techniques of 20% to 40%.

The field core strengths were 60% to 75% of the strengths of the laboratory-mixed samples. An
estimate of 60% to 80% of the laboratory-mixed strength can reportedly be achieved in this field
with “fairly good” quality control.

5. PATENTED/PROTECTED FEATURES

No patents were identified in the reference cited below.
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6. PARTICULAR ADVANTAGES

Square or rectangular columns are produced; therefore, less overlapping is required. Also, the
mixing efficiency seems high.

7. OPERATING COMPANY

Daisho Shinko Corp. of Japan.

8. REFERENCE

Mizutani, T., S. Kanai, and M. Fujii. (1996). “Assessment of the Quality of Soil-Cement
Columns of Square or Rectangular Shapes Formed by Deep Mixing Method.” Grouting and
Deep Mixing, Proceedings of IS-Tokyo 96, Second International Conference on Ground
Improvement Geosystems, Tokyo, May 14-17, pp. 637-642.

Figure 70. Schematic of installation steps (Mizutani et al., 1996).
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Figure 71. Details of the mixing tool and box frame (Mizutani et al., 1996).
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SINGLE-AUGER MIXING (SAM) (13)

1. INTRODUCTION

This WRE method has been developed by Terra Constructors since 1995. Terra claims
capabilities in both Single-Auger Mixing (SAM), with a few projects completed, and
Multiple-Auger Mixing (MAM, probably a WRS method), with no case histories to date. Very
little data are available.

2. GENERAL PROCESS

The SAM technique employs a large mixing tool that is rotated into the ground at 8 to 16 rpm
while simultaneously injecting reagents through the tool’s hollow stem. Grout can also be
injected during withdrawal. The MAM technique employs a mixing tool equipped with auger
flights and mixing blades that mix the soil in a pugmill-type fashion. Slurry is injected during
penetration, and once the specified depth is attained, the tool is counter-rotated and withdrawn
with continued grout injection.

3. EQUIPMENT

Base A single crane-mounted turntable is used for the SAM method (Figure 72).
Where required for site logistics or safety, an extended mounting frame
(Figure 73) will allow a 15-m clearance from the center of the crane to the center
of the mixing tool. A set of crane-supported leads is used for the MAM method.

Shafts The SAM mixing tool is typically 1 to 3.6 m in diameter, selected based on soil
type and moisture content. The tool has three wings, with a series of inclined
cutting blades on each (Figure 74). The effective maximum depth of the SAM
method is 13 m. MAM is intended to be used for projects in excess of 13 m. The
MAM mixing tools are equipped with three to five small overlapping auger flights
and mixing blades. These mixing tools are rotated by top-drive hydraulic motors.

Grout Plant A positive displacément pump is used to deliver slurry for both of these methods.

Control No data available.

Production A production rate of 380 m*/per 8-h shift is claimed for SAM.
4.  MIX CHARACTERISTICS

Grout. Cement grout is used mainly as the binder. However, other additives for oxidation and/or
stabilization of contaminants can be used. Water/cement ratios of 0.75 to 1.0 are typically used.
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Figure 74. Typical SAM mixing tool (Terra Constructors, 1998).

Figure 75. Typical SAM mixing rig with shroud (Terra Constructors, 1998}.
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CEMENTATION (14)

1. INTRODUCTION

This single shaft WRE system was developed by the Cementation Company in England in the
middle and late 1980s based on continuous flight auger piling expertise and equipment. Few
applications appear to have followed the original development projects, perhaps due to
commercial and market pressures.

2. GENERAL PROCESS

Grout is injected during rotation to target depth. The auger is then cycled up and down several
times over a vertical distance of 1 m prior to being reversed and extracted. This process is
repeated at successive 1 m intervals. Two column sizes, 0.75 and 1.0 m, have been reported,
although case histories have featured only the former.

3. EQUIPMENT
Base Crawler crane base with fixed leads and a top rotary head.

Shaft Comprises an unknown length of auger flight (plus drill head), followed
(interrupted) by a smaller diameter continuous flight auger, which is not full
length; standard drill pipe extends to the surface.

Grout Plant  Details unknown, except that the injection pressure is high enough only to
overcome line resistance (rarely above 0.05 MPa).

Control No details provided.

Production = Production rates of 0.5 to 0.67 m/min for penetration and mixing are reported.

4. MIX CHARACTERISTICS

Grout. Cement, with or without pfa substitution is used at the lowest pumpable water/cement
ratio of 0.4. A cement factor of 6% to 13% has been used, with a measured spoils volume of 7%
by volume of treated soil. Cementation Company reports that, as the drilling and mixing
progress, localized pore pressure variations draw water to the process as the disturbed soil
dilates. The water/cement ratio of the final treated soil can therefore be as high as 2. Soils that
can be treated have a Plasticity Index (PI) of less than 25% and a Liquidity Index (LI) of greater
than 50%, and can range up to hard clay and dense sands.
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5. PATENTED/PROTECTED FEATURES

Unknown. Probably none.

6. PARTICULAR ADVANTAGES

Virtually no leakage of grout to the surface has been reported (due to low volume ratio and shaft
configuration), unless groundwater table is high and depth of treatment is considerable. Also,
the use of a smaller diameter auger minimizes lateral loading of the in situ soil, which may cause
heave. The system also allows specific horizons to be treated individually.

7. OPERATING COMPANY

Cementation Company is based in the United Kingdom, but is now owned by Kvaerner, a
Norwegian-based, globally-active, multi-disciplinary engineering conglomerate. Applications to
date have apparently all been in the United Kingdom.

8. REFERENCE

Blackwell, J. (1992). “A Case History of Soil Stabilization Using the Mix-in-Place Technique
for the Construction of Deep Manhole Shafts at Rochdale.” Grouting in the Ground. Institution
of Civil Engineers, Thomas Telford, London, pp. 497-509.

Elliott, J.A. (1992). “Deep Mix-in-Place Soil/Cement Stabilization Using Hollow Stem Augers
for Excavation at Elland. West Yorkshire.” Piling and Deep Foundations, Proceedings of the
International Conference on Piling and Deep Foundations, Vol. 1, London, May 15-18,

pp. 43-50.

Greenwood, D.A. (1987). “Simple Techniques of Ground Improvement With Cement.”
Proceedings Internanional Conference on Foundations/Tunnels, Vol. 2, pp. 8-19.
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HAYWARD BAKER METHOD
SINGLE-AXIS TOOLING (15)

1. INTRODUCTION

Hayward Baker Inc., a Keller Company, has been developing various types of DMM approaches
since the early 1990s. They first experimented with a small-capacity lime-column method in
1992, and in 1997, they completed rigs capable of dry and wet mixing of lime and cement for
columns up to 600 mm in diameter and 20 m in depth. Based on a recent ground treatment
project at Pascagoula, MS (Attachment 1), it would seem that their WRE method, called
Single-Axis Tooling, is capable of producing columns up to 3.5 m in diameter and 20 m in depth,
and is now a viable, competitive technique. It is believed that future developments are to
continue into Wet Jet End (WJE) and Dry Rotary End (DRE) methods.

2. GENERAL PROCESS

The Single-Axis Tooling method, as observed at Pascagoula, features the rotation of a single
shaft at 20 to 25 rpm under its own weight. Fluid cement-based grouts are usually injected
during penetration to aid productivity and promote efficient mixing. The grout is pumped at
about 600 L/min at pressures of 0.4 £0.1 MPa. The nozzles are easily replaceable and are
typically located near the tool tip. A 5-min period of injection and mixing at the bottom occurs,
followed by rapid extraction during which the remaining 1% to 5% of the total grout volume is
injected. The method has been developed around equipment that is readily available from other
technologies (e.g., piling and grouting) and is modestly described by Hayward Baker as “low
tech.” Where penetration of the tool cannot be constant and uniform, top-down mixing, as just
described, is used. If penetration is controllable, binder can be added during penetration (tip of
the tool) and during withdrawal (top of the tool). In either case, the lowermost 1 m is
repenetrated.

3. EQUIPMENT (Figures 76 and 77 attached)

Base An appropriate, commercially available track-mounted crane (e.g., Manitowoc
3900 or 4000) equipped with a rotary bottom-drive turntable (e.g., Watson) is
used. The turntable is rated at 225 to 350 kW, providing up to approximately
610,000 N-m torque in second gear (penetration at low speed), or approximately
95,000 to 135,000 N-m torque at 40 rpm during withdrawal. If this single-crane
attachment is used, down pressure is limited to 50% of the weight of the turntable.
Conversely, rotary heads may have as little as 6780 N-m torque.

Shaft A single, 356-mm square kelly bar or a high-strength round drill pipe is used,
suspended by cable through the rotary turntable. (For smaller scale operations, a
standard top-drive rotary head could be used.) The actual mixer usually consists
of two or three pairs of mixing blades/paddles and a lower cutting head attached
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over the lower 3 to 4 m of the kelly bar, or rod. A smaller diameter rotary drill bit
can be used to center the column and control vertically. Teeth are fixed to the
leading edge of the cutting head. The entire configuration itself depends on the
soil and the rotary capacity available, and is, therefore, project-specific and
frequently field-modified continuously. Grout is injected from up to eight
nozzles spaced across the cutting head diameter. Tools of 0.5t0 3.5 m in
diameter are feasible, but 2.1 to 2.4 m is a typical size.

Grout Plant A 3-m’ capacity jet mixer feeds into a 5-m’ capacity paddle agitated storage tank.
Small (0.75 kW) Godwin transfer pumps feed 2.5-m’ storage tanks supplying 4JS
Moyno pumps for delivery to the rig. Cement is supplied in two silos. As for the
drilling rig, the grout plant components can vary flexibly — with various degrees
of computer control, colloidal or jet mixers, and recirculating pump to the storage
tank. Delivery pumps can be simple trash pumps or triplex piston positive
displacement pumps.

Control Instrumentation is provided for volume and pressure recording and control at the
pumps. Drill penetration data are displayed and recorded. At present, the drill rig
cabin is equipped with a grout pressure gauge only — all other parameters are .
relayed from the pump station by telephone to the operator. A flowmeter is to be
added. Wet sampling of grout and grouted soil (via a special in-hole collector) is
standard. Large-diameter shafts are often sunk through treated soil to allow visual
observation of the efficiency of mixing, and to permit extraction of large-scale
samples for strength and deformation testing. Hayward Baker, Inc. has found that
core samples always give higher strengths than grab samples, while field values
are about 50% of laboratory strengths, but with a wide variation (£50% average).
Pre- and post-construction cone penetrometers (CPTs) are possible for strengths
less than 7 MPa. If in situ strength is expected to average 3.5 MPa or more,
coring is feasible (minimum 76 mm). Recovery rates can be 25% to 100%,
depending on mixing parameters and soil types. For fine sands, a grout strength
of 8 MPa (specific gravity = 1.42) will provide a grouted soil strength of greater
than 2 MPa. The most efficient method of evaluation is to drill a shaft into
overlapping columns. This allows visual inspection of drill cuttings, shaft
integrity and homogeneity, and sampling of the mixed and stabilized soils.

Production  Penetration rates range between 0.3 and 0.6 m/min, depending on the soil, and
withdrawal rates are several times faster. Depending on site conditions, treated
volumes of 250 to 500 m*/shift (i.e., more than 150 lin. m) can be achieved with
one rig. A productive site may use upwards of 180 tonnes of dry materials per
shift. Costs may range from $30 to $400/m’.

4. - MIX CHARACTERISTICS

Grout Cement-based grouts are used; the exact formulation reflects the desired
properties of the treated soil. For example, bentonite, flyash, lime, blast furnace
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slag, and other materials may be blended with the cement and water. A choice in
one specific project with a low-strength criterion is a 3:1 slag/cement mix, with a
1.33 water:solids ratio. Cement factors of about 150 kg/m® of treated soil are
typical (grout volume ratio of 15% to 30%). Binder can account for up to 50% of
the cost.

Treated Soil ~ Strengths in granular soils in the range of 3.5 to 10 MPa are feasible. In saturated,
cohesive soils, strengths of 0.2 to 1.4 MPa can be achieved (dependent on mix
design, injection parameters, soil plasticity, and moisture content).

5. PROTECTED/PATENTED FEATURES

The Hayward Baker Method has evolved over a series of projects (both dry/wet lime-cement

columns, and the larger diameter mixed columns) dating from 1990, using mechanical resources

and grouting expertise from within the Keller Group of companies. It is available for use only by
the members of that group (worldwide) in general, and by Hayward Baker, Inc. in North

America in particular.

6. PARTICULAR ADVANTAGES

The system is robust, simple, flexible, and competitive to depths of 15 to 20 m in appropriate

soils. It produces moderate spoil volumes (up to 30%) depending on the grout volume ratio.

7. OPERATING COMPANIES

As in Section 5 above.

8. REFERENCES

Site-specific information available from the staff at Hayward Baker, Inc.

Burke, K., A. Furth, and D. Rhodes. (1996). “Site Remediation of Hexavalent Chromium in a
Plater’s Sump: Heavy Metal Chemical Fixation — A Case History.” PSC 17" Annual AESF/EPA
Conference on Pollution Prevention and Control, February, Orlando, FL, 10 pp.

Hayward Baker, Inc. (1998). Promotional information.
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Figure 76. Single Axis Tooling rig (Courtesy of Hayward Baker, Inc.)
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Figure 77. Single Axis Tooling mixing tool (Courtesy of Hayward Baker, Inc.)
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Attachment 6.
Hayward Baker, Inc., Project summary.

HAYWARD
BAKER

*
MELLER
*

HAM Marine Facility,
Pascagoula, Mississippi

property at the mouth of Bayou Casone. This

requires deep water berthing and unloading capa-
bility for the operations associated with the design, con-
struction, and repair of deep water drilling platforms.

The subsurface conditions of the property are typical
of river and marsh deposits of the region. The highly strati-
fied and variable soil consists of organics, silts, clays, and
sands. The very weak nature of these materials required
special attention in the design of the wharf structure to pre-
pare an economic solution. Lyle Stover Engineering Inc. of
Mobile, AL, reviewed all the options and prepared a design

H AM Marine Inc. is developing a peninsula of
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Left: Soul Mixing in progress
at Hum Marine Fucility in
Pascagoula, MS.

SECTION

Owner
Ham Marnne Inc

Pascagoula, MS

General Contractor
W.G. Yates & Sons
Pascagoula, MS

Engineer
Lyle Stover Engineening
Mobile, AL

Geotechnical Engioeer
Thompson Engineening Testing
Inc

Mobile, AL
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that includes ground stabilization by soil mixing, behind an
anchored sheet pile wail.

The stabilized soil system provides greatly reduced
earth pressures on the wall, while at the same time offering
a stable support platform, 50 ft wide, along the approxi-
mately 2,000 If of new bulkhead.

Soil Mix Design

The total project includes stabilization of over 10,500 yd? of
platform to variable depths up to 50 R. (see plan and cross
section). Prior to production, Hayward Baker devel-
oped a variety of grout mix designs and tested their perfor-
mance. Several grout designs were selected to mix with the
rwo most difficult soils to treat on site, namely a soft,
slightly organic, silty clay and a medium stiff to stiff clay.
From these results, a grout material emerged that was
clearly the most effective for both of these soil conditions.

Construction
The 7-ft diameter tool selected provided the mix energy

required and the geometry that best fit the treatment plan
controlled by the piling layout. The construction consisted
of a double row of columns on the inboard and outboard
sides, with a cellular arrangement between (see plan view).
Sequence of construction and layout ensured adequate over-
lap. Upon completion of the ground improvement and the
anchored wall system, the outboard soils will be dredged to
elevauion -35 ft.

Quality Control and Quality Assurance
Wet samples from vanous depths were retrieved from soil

mix columns, cured and laboratory tested for 7, 14 and 28-
day unconfined compressive strength. Average 28-day UCS
for the project was 170 psi. Grout slurry unit weight (or
densiry) was measured every |5 minutes.

Standard Penetration and Cone Penetrometer Testing
were performed to assess improvement levels for accep-
tance by the owner.

Project Summary

Soil Mixing is a ground improvement technigue
involving the mechanical in situ mixing of soil with
cementitious materials using a hollow stem mix tool.
The injection of the binder material may be in the
form of either a slurry or dry powder. Sets of one to
three shafis with mixing tools up to eight ft in diame-
ter are used to mix soft and loose soils to depths up
1o 100 fi. As the tool is advanced into the soil, the
hollow stem is used as a conduit to pump grout and
mix it with the soil in contact with the tool. Single
columns and/or panels are created with the process
as the tools are worked in overlapping configura-
tions. A range of unconfined compressive strengths
berween 10 and 500 psi is possible depending on the
native soil type. Interconnection of columns and
panels affords many geometries that are useful for
civil engineering purposes, including gravity walls,
cellular improvement, retaining walls, foundation
support and other in situ structures.
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5.  PATENTED/PROTECTED FEATURES

Methods and techniques are reported by Inquip to be proprietary to them.

6. PARTICULAR ADVANTAGES
Inquip claims good penetration and mixing are achieved. The use of dry binder injection is also

possible for treating sludges.

7. OPERATING COMPANIES

Inquip Associates of McLean, VA, and Santa Barbara, CA, who operate in the United States and
Canada.

8. REFERENCE

Inquip Associates. (1998). Promotional information.
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SPREAD WING (SWING) (17) -

1. INTRODUCTION

This method employs a spreadable mixing blade or wing and the option of using jetting to further
expand the column diameter. The advantage of the spreadable wing is that the blade can be
retracted and only the pilot hole drilled through the competent soil, but expanded within the layer
to be treated. The mixing unit can be inserted through narrow subsurface passages to reach
treatment areas where the wing can be opened within a horizon free from obstructions. Jet grout
nozzles on the outside edges of the unit allow further expansion of the column diameter,
providing tight contact of treated soil with adjacent columns or existing structures. Column
diameters of 0.6 to 2 m can be produced by mechanical mixing, and jetting (at 20 to

40 Mpa = air) further expands these diameters to approximately 3.6 m. This method is
classsified as WJE.

2. GENERAL PROCESS

Figure 78 shows and describes the procedure for column construction. The steps (Figure 79)
(Yang et al., 1998) are:

1. Drill pilot hole down to base of zone to be treated, with the swing blade in the vertical
(closed) position, parallel with the drill shaft.
2. Extend the wing.

3. Ream upwards to top of treated zone with the high-pressure jet.

4. Lower tool again to bottom of zone, and commence grout injection and mixing during
withdrawal plus jet grouting, if needed.

5. Upon reaching the top of the treatment zone, retract reamer and remove shaft.

3. EQUIPMENT

Base Base equipment consists of a crawler-mounted machine with a fixed vertical lead.
One inner rod is connected to the control unit of the expandable blade and
operated by a hydraulic system inside a gearbox. Expansion of the blade is
controlled mechanically, and therefore the blade position can be monitored and
verified at the ground surface. No specific details are provided in the literature
regarding power requirements and capacities.

Shaft Figure 80 shows the mixing unit. The diameter of the mixing tool is 0.6 m with
. the blade retracted, and the diameter is 2 m with the blade fully expanded. The
method of ground treatment that uses mechanical mixing only was developed in
1984 and is referred to as SWING. Nozzles were added in 1986 at the end of the
mixing blade to provide a two-fluid jet grouting system capable of producing
increased column diameters of 2.4 to 3 m. Jet pressures of about 20 MPa are used
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Grout Plant
Control

Production

in this revised method, which is referred to as SWING-JET. Jet pressures were
increased to 40 MPa in 1988 in a variation called SWING-MJET. A three-fluid
system was developed in 1991, referred to as SWING-HIJET, capable of
producing columns 3.2 to 3.6 m in diameter. The high jet system is similar to
conventional jet grouting equipment.

Typical DMM or jet grout unit.
Computer control of mixing, drilling, and injection parameters.

Instantaneous production of 12 to 30 min/m has been reported. This is relatively
slow, but would be offset by the system’s other advantages. :

4. MIX CHARACTERISTICS

Grout.

Treated Soil

Little data are available. However, Kawasaki (1996) reports on the use of a

retarded slurry, with a cement factor of 450 kg/m’, at Kinko Bridge, Yokohama.
Typical figures may begin at 200 kg/m®. Other test data indicate pumping rates of |
48 to 108 L/min.

Soil-cement columns created by SWING consist of two zones: an outer zone
produced by jet mixing and an inner zone produced by mechanical mixing. The
unconfined compressive strength (q,) of the inner mechanically mixed zone
ranges from 0.4 to 4.4 MPa. The outer jet mixed zone exhibits a lower strength
than the inner zone for a column produced with the same water/cement ratio. For
preliminary design, maximum unconfined compressive strengths of 1.5 MPa for
sandy soils and 1.2 MPa for cohesive soils can be assumed for soils treated by jet
mixing. For practical applications, these columns can be considered as composite
columns, and an average strength can be assumed for the entire column. The ratio
of field strengths to laboratory strengths is 0.5 to 1.

The modulus of elasticity of the outer jet mixéd zone can be estimated as Esp = 100q,. The Esp
for the inner mechanically mixed zone is lower than that produced by the CDM method, which is
400 to 600 q,, and is closer to that produced by DJM, which is 150qy.

The majority of the applications of the SWING method have been for the treatment of soft
ground as opposed to reducing permeability, and so no data are available.

5. PROTECTED/PATENTED FEATURES

There is a SWING Association in Japan that protects the technology.
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6.  PARTICULAR ADVANTAGES (Figure 81)

SWING has the advantages of a jet grouting system in that a smaller diameter hole (0.6 m) is
required for the drill rod, allowing structural underpinning and better penetration through
difficult, harder soils. The treated column size can be increased by increasing jet mixing
pressure. Due to jet mixing, the treated zone can provide good contact with adjacent
underground structures. The mixing blade can be opened in designated horizons only, which
saves cement, time, and spoil. The method is also advantageous for treating clays with strengths
greater than 0.05 MPa, since initial drill torque requirements are minimized.

7. OPERATING COMPANIES

Taisei Corporation and Raito Kogyo Co., Ltd., both of Japan, are two of the larger members of
the SWING Association, founded in the late 1980s and which now has 17 members. Operation
of this technology outside of Japan is unknown thus far, although Raito Kogyo Co., Ltd is
represented in the Umted States by Raito, Inc., in California.

8. REFERENCES

Kawasaki, K., H. Kotera, K. Nishida, and T. Murase. (1996). “Deep Mixing by Spreadable
Wing Method.” Proceedings of IS-Tokyo '96, Second International Conference on Ground
Improvement Geosystems, Tokyo, May 14-17, pp. 631-636.

Yang, D.S., J.N. Yagihashi, and S.S. Yoshizawa. (1998). “SWING Method for Deep Mixing.”

Soil Improvement for Big Digs, Geotechnical Special Publication No. 81, Geo-Institute of the
American Society of Civil Engineers, Boston, MA, October 18-22, pp. 111-121.
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1) Drilli .
Drill the pilot hole with water to the bottom of
soil layer to be treated.

2) Ex ing the SWING Blade
Expand the SWING blade while rotating the

shaft.

3) Pre-drilling the Treatment Zone
Pre-drill the zone to be treated upward using

SWING blade and high-pressure jet. Lower the
blade down to the bottom while keeping the
blade at expanded position and shaft rotating.
Grout may be injected during the downward

4) Injecting and Mixing

Inject the grout from the blade and high-
pressure grout jet from the edge of the blade
and perform both mechanical mixing and jet

mixing.

5) Extract SWING Blade

Rotate the SWING blade back to the shaft after
soil mixing.

6) Retrieving the Shaft

Withdraw the shaft to the ground surface.

Figure 79. Installation procedure (Yang et al., 1998).
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Inlet A
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-15' Water Swivel
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Spreadable Wing Bit |

Spreadable Wing Bit

(a) Spreadable Wing with {b) Spreadable Wing with
air coated water

water (cement slurry)
jet (cement slurry) jet

Figure 80. Mixing unit used for Spread Wing Method (Kawasaki et al., 1996).
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Figure 81. Application of SWING Method (Yang et al., 1998).
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JACSMAN METHOD (18)

1.  INTRODUCTION

This system is classified as WIE. JACSMAN is an acronym for Jet And Churning System
MANagement. The JACSMAN system was developed to solve problems inherent to both
mechanical deep mixing and jet grouting. With mechanical deep mixing, it can be difficult to
create tight joints and work close to underground structures. With jet grouting, it is difficult to
guarantee a constant column diameter. With the JACSMAN system, columns are constructed
using a combination of cross-jet grouting and deep mixing This combination can construct a
treated mass with firm joints between columns, columns of controlled diameter, and uniform
quality as a result of the cross-jetting. There is a JACSMAN Association in Japan.

2. GENERAL PROCESS

Grout is injected at low pressures through nozzles on the cutting blade during penetration. Upon
reaching the bottom of the hole, the unit is withdrawn while cement grout is cross-jetted into the -
soil at a high velocity. The resulting column is larger than a mixed column and can be
constructed close to sheet pile walls or solid piles (Figures 82 and 83). A maximum depth of

20 m can be reached.

3. EQUIPMENT

joe)

Base Large crawler-mounted crane.

h The two counter-rotating shafts are mounted 0.8 m apart. Each shaft contains
three 1-m-diameter blades: one lower penetration/soil shearing blade containing
low-pressure discharge nozzles, and two mixing paddles containing high-pressure
grout nozzles. Cutting teeth are mounted on the leading edges of the blades to
facilitate excavation and break-up of the soil. Two high-pressure nozzle
configurations were evaluated: one nozzle at one end of each blade for a total of
four nozzles and one nozzle at each end of each blade for a total of eight nozzles.

2]

The nozzles on the upper blade are oriented to discharge downward at an angle of
60°, and the nozzle(s) on the lower blade are angled upward at 60°. This allows
the jetted slurry to intersect at a given distance from the shaft.

The jetted streams of slurry lose power when they collide, and the diameter of the
column is maintained uniformly accurately. The cross-jetting also increases the
degree of mixing in the column.

During penetration, mechanical mixing and low-pressure jetting produces a
treated mass with nominal dimensions of 1 m x 1.8 m. The treated area is 1.5 m’,
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with the individual columns (each formed by a 1-m-diameter blade on shafts
- separated by 0.8 m) overlapped by 0.2 m. The rotation rate during penetration
and withdrawal is typically 20 rpm.

The treated mass formed by mechanical mixing and high-velocity Jettmg on
withdrawal is approximately 1.9 m + 2.7 m for a treated area of 5.66 m* with
individual column overlap of 1.1 m.

Grout Plant  Material storage silos, batching system, slurry mixer, agitator tank, low- and
high-pressure grout pumps.

Control No data available.

Production  Penetration rate is | m/min, and the withdrawal rate can be varied from 0.5 m/min
to 1.0 m/min.

4. MIX CHARACTERISTICS

Grout. The water/cement ratio of the mix used for the prototype test was 1.0. Approximately
200 L/min of grout was pumped to each shaft. The Jettmg was conducted at pressures of

30 MPa. On some of the tests, compressed air at | m 3/min was injected with the grout. The
grout flow to each jet varied from 75 to 150 L/min. The cement volume reported per cubic meter
of treated soil was 200 kg/m’ for the jetted section and 320 kg/m’ for the mixed portion of the
column.

Treated Soil. The prototype test was conducted in a layered soil consisting of fill, clay, and silty
sand. Soil data and subsequent UCS results are shown in Figure 84. Strength values ranged
from 1 to 6 MPa. The effect of air entrainment is shown in the data in Figure 85: the solid points
represent columns formed without air, the open points represent columns formed with air. This
prototype test was conducted to:

. Investigate the ability to control column size.

o Investigate the effectiveness of the “cross-striping” action of the jets.

o Determine the system’s ability to construct columns adjacent to underground structures,
such as sheet piles and other piles. Figure 86 shows the column layout for this portion of
the test.

The investigation was conducted by installing columns using various methods and equipment
configurations. Table 6 shows the test variables for the test columns.

The pump pressure was adjusted during testing to allow the same flow rate of cement slurry
(volume/hour) to be jetted through the two different nozzle configurations (four nozzles/shaft vs.
eight nozzles/shaft). The same water/cement ratio (1.0), was used for the mechanical mixing
portion (discharged through the low-pressure jets on the lower-most mixing blade on each shaft
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and the cross-jgt mixing portion. A cement factor of 200 kg/m> was used for mechanical mixing
during penetration. The test variables are listed in Table 6. The test results are as follows:

o The four-nozzle configuration made larger columns than the eight-nozzle configuration,
although both transmissions produced the same volume of slurry.
The columns had uniform diameters.
Desired column diameters can be achieved by injecting air during jet grouting.
The effect of lift velocity on column diameter is less pronounced on the four-nozzle
system than on the eight-nozzle system. Column size decreased with increased lift
velocity using the eight-jet system, whereas column diameter remained relatively
unchanged for the four-jet system.

. The strength of columns formed using the four-jet system is greater than the strength of
columns formed using the eight-jet system.

. The strength of columns jetted using air was less than the strength of columns jetted
without air.

Mechanical mixing showed equal or higher strengths compared to jet mixing.

The overlapping of columns was satisfactory.

Satisfactory contact can be achieved between the columns and adjacent underground
structures.

5. PATENTED/PROTECTED FEATURES

Presumed protected by the researchers’ companies. The development of this technique is quite
recent, although Nicholson et al. (1997) claim that about 20 projects had been completed in
Japan by 1996.

6. PARTICULAR ADVANTAGES

The system is capable of treating larger volumes of soil per pass, overlapping columns together
with adjacent columns and/or existing underground structures, and it requires less open space in
untreated areas.

7. OPERATING COMPANY - GEOGRAPHIC RANGE

The only English language paper found was authored by Fudo Construction Co., Tokyo and

Chemical Grout Company, Tokyo, members of the JACSMAN Association. Understood to
operate only in Japan.
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of Mechanical Churning and Jetting.” Grouting and Deep Mixing, Proceedings of IS-Tokyo ‘96,
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Table 6. Installation parameters for the various test columns
(Miyoshi and Hirayama, 1996).
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Figure 82. General configuration of the mixing and jetting unit for the JACSMAN system
(Miyoshi and Hirayama, 1996).
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Figure 83. The cross-jet/blade configuration of the JACSMAN system
(Miyoshi and Hirayama, 1996).
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LDis SYSTEM (19)

1. INTRODUCTION

With conventional jet grouting methods, large volumes of soil are removed and ground
displacement can be great. The Low Displacement Jet Mixing (LDis) system was developed and
tested to reduce the volume of material displaced by the jet as well as to reduce ground
movement. Assuming it is legitimate to regard this as a Deep Mixing technique, it can be
classified as WJE. Development is in the prototype stage.

2. GENERAL PROCESS

The mixing tool (Figure 87) is rotated while apparently injecting some volume of grout. The
ground is penetrated to the base of the zone to be treated. The tool is then withdrawn to the
surface to further break down and remove soil. The mixing tool then re-penetrates to the base of
the treatment zone and upon withdrawal, cement slurry is injected at high pressure via lateral
jets. Injection pressures of 40 MPa were used. The general process is illustrated in Figure 88.
The intent of this method is to remove the same volume of ground as the volume of slurry
injected and thus prevent lateral or vertical displacement.

3. EQUIPMENT

Base The major equipment used in this technique is listed in Table 7. The equipment is
similar to a conventional jet grouting system.

Shafts The addition of a single-auger flight located directly above the jet ports
distinguishes this system from conventional jet grouting equipment. The mixing
tool 1s shown in Figure 87.

Grout Plant  Assumed similar to jet grouting equipment.

Control Assumed equivalent to usual jet grouting.

Production  Production rates are lower than with conventional jet grouting techniques due to
the double-pass required to loosen the soil and their grout. Withdrawal speed is

the same as for penetration, at approximately 0.33 m/min. However, overall
production decreases to about 55% that of jet grouting.
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4. MIX CHARACTERISTICS

Grout A grout injection rate of 100 L/min was reported for the test columns. Approximately

1.5 m? of slurry was added to form a column 1 m in diameter and 5 m long, i.e., 300 L/min or a
volume ratio of just under 40%.

Treated Soil. Reported strengths of treated soil are approximately 2 MPa. As noted above, the
intent of this method is to remove the same volume of ground as the volume of slurry mJected
The method through testing, was determined to be 90% effective, i.e., it removed 1.35 m? of soil
when 1.5 m® of grout was injected.

To measure the level of ground movement, inclinometers were installed at the test site at the |
locations shown in Figure 89. A series of five columns were installed by the conventional

method, and five columns were installed by the LDis method. Displacements at depth due to the
LDis columns were reduced to 1/6 that of the conventional jet grouting method.

5. PATENTED/PROTECTED FEATURES

Assumed to be protected by the developers (particular to LDis: other features as for jet grouting).

6. PARTICULAR ADVANTAGES

The technique imparts less disruption to adjacent structures. Heave is better controlled, and
spoils volume is low.

7. OPERATING COMPANY

Onoda Chemical Co. of Japan.

8. REFERENCE

Ueki, H., K. Hasegawa, K. Suzuki, and M. Bessho. (1996) “Development of a High-Pressure Jet
Mixing Method for Displacement-Reducing.” Grouting and Deep Mixing, Proceedings of
IS-Tokyo '96, Second International Conference on Ground Improvement Geosystems, Tokyo,
May 14-17, pp. 767-772.
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Figure 87. Soil-removing disk (Ueki et al., 1996).
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Table 7. List of the major equipment (Ueki et al., 1996).

equipeent specifications capacity
(k1)
Automatic sixer 1.5 o’
sixing plant | agitator 2 o’ 15.6

sith a seter of vater
and hardening agent

lardeuiqf 30 toa with SC 15. 4
agent silo

Super-high 30 to 40 NP, 110
-pressure
pusp

fater tank 10 »*  —
Flov gauge 0 to 200 {/ain e

Jet mixing 3.5 n stroke 30
equipsent 3 to 40 rpa
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Figure 89. Plan of the test execution and measured cumulative displacement by the conventional
method and this method (Ueki et al., 1996).







GeolJet (20)

1. INTRODUCTION

The GeolJet system is classified as WIE. A “processor,” comprising an auger flight or a pair of
swings (Figures 90 and 91), is located at the bottom of the hollow-stem mixing rod. Attached to
the auger flight or wings are high-pressure grout nozzles. During rotation of the mixing rod, the
processor mechanically cut the soil, which is then hydraulically mixed by high-velocity grout
injected into the soil-cement column at relatively high volumes, with a high degree of computer
control, process repeatability, and verification documentation. The concept was developed in the
early 1980s as a way of installing piles without the disadvantages associated with pile-driving
methods, and still focuses most applications in that arena, although other applications (e.g., earth
retention) have been conducted.

2. GENERAL PROCESS

The processor is rotated and lowered, cutting the soil at 50 to 75 mm per rotation. Simultan-
eously, grout is injected at about 700 to 750 L/min from the processor at pressures of 10 to ,
35 MPa (typically 15 MPa) to blend the soil and grout. The slurry injection rate is slowed as it is
withdrawn from the hole and backfill grout is injected at low pressure. The whole zone is
formed in one continuous pass and is controlled by a microprocessor. The process is so swift
that this computer control is essential. The 486k unit samples parameters every 6 s to permit
adjustment of key construction parameters, e.g., pump pressure, drill speed, and drill torque, in
order to ensure that predetermined density and strength targets are efficiently met.

3.  EQUIPMENT

Base The equipment consists of a 110-tonne crawler-mounted crane with fixed leads,
which carries an 600-kW generator delivering power to all systems, including a
225-kW rotary turntable (Figure 92) and 350-hP grout pump. A bottom drive
turntable of 43,000 N-m is capable of rotation speeds during mixing of 150 to
200 rpm (most recently, the trend Has been toward using 90 rpm, especially when
the larger diameters are used).

Shafts The drilling and mixing system includes a single shaft with auger flights or blades
located at the bottom of the shaft. The drill rod is 152 mm in diameter, 50 mm
thick. The processor, producing columns 600 to 1200 mm in diameter, usually
900 to 1200 mm, is fitted with teeth, depending on the soil. Cutting of the soil 1s
accomplished by the wings. Teeth or blades are attached to the leading edge of
the processor to help penetration and aid mechanical mixing. The exact nature
and composition of the processor is varied, depending on soil conditions (a recent
version resembles an SSM tool). Wings range in size from 400 to 1220 mm in
diameter. Depths of 45 m are obtainable, but 25 m is a typical maximum pile

length.
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Grout Plant ~ Mixing is accomplished by the high-pressure/velocity grout, which is provided by
a jet grout mixer (about 1150 L/min) with recirculating capabilities. A horizontal
triplex grout pump is capable of pumping at pressures greater than 40 MPa,
typically 15 MPa, mounted to the crane, and at a typical rate of about 550 to
750 L/min. A 220-"bulk cement storage “guppy” (i.e., 1-day capacity) delivers
grout at 100 kPa into 1.1-tonne holding tanks from where it is pumped at 200 kPa
to the mixer. The grout plant has three pumps: one each for grout, water, and
recirculation, and the plant includes a nuclear densometer to continuously monitor
the density of the grout. The nozzles in the processor typically have carbide
inserts to combat the erosive action of the grout. The mixer is also referred to as
RCM (Halliburton’s Recirculating Cement Mixer).

Control During installation, the microprocessor analyzes rotation rate, penetration rate,
slurry pressure, torque, crowd force, and treated soil volume and density as a
function of depth during the construction of each element. The computer reacts to
changing ground parameters and adjusts injection parameters to maintain specific
treated soil properties in different strata. Rotation is stopped automatically if
treated soil parameters exceed preset limits. The system is equipped with a
microprocessor to monitor and control the entire process given the very fast
penetration rates achievable. An automated spotter/positioning system is also
provided. The operator control panel has a touch screen. Typical verification
documentation is shown in Figures 93, 94, and 95.

Production  Industnal production rates in excess of 150 m/h and 1100 m/shift have been
achieved. Instantaneous rates include 2 to 12 m/min (penetration), and 15 m/min
(withdrawal). Set up time between holes is commonly 1 to 2 min. As in most
DMM methods, penetration rate is controlled by rotational speed, among other
things. For cohesive soils, chip sizes per blade per rotation are limited to about 10
to 15 mm.

4. MIX CHARACTERISTICS

Grout. To date, only grouts consisting of cement and water have been injected. The
water/cement ratio of these grouts can vary from 0.5 to 1.0.

Treated Soil. Strengths in Beaumont Clay at the Tidwell, TX, site ranged from 4.83 to 10.3 MPa.

Strengths in the San Francisco Bay Mud deposits of 0.7 to 5.5 MPa have been recorded, the

actual value is controllable via the injection parameters. The amount of material pumped is

dependent on the soil type and strength requirements of the soilcrete column. Cement factor is
typically 150 to 300 kg/m’. Test of piles installed using the GeoJet system have been described

" by Reavis and Freyaldenhoven (1994). Prof. L.C. Reese of the University of Texas has also been

closely involved in development. The relatively high strengths for the columns in clay are
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largely due to the high degree of mixing imparted by the rapidly rotating shaft. The volume ratio
is 20% to 40%.

S. PATENTED/PROTECTED FEATURES

The blade design, computer system for controlling drilling and injection parameters, and process
are patented. A total of five patents are currently in place for the GeoJet system (Nos. 4,793,740;
5,396.964: 4,604,003; 4,958,962; and 5,890,844), and three patents are pending.

6. PARTICULAR ADVANTAGES

The system is capable of very high output, providing high-quality/high-strength mixing with low
vibration. low noise, and no loss of ground or heave. Good performance has been observed
within 0.8 m of existing structures. Soft rock (e.g., shales) can be penetrated. Computer control
and uniformity/repeatability of product are excellent. A high degree of Quality
Assurance/Quality Control is provided. A high grout:soil bond (in piling applications) is
achieved. The system produces low waste volumes (20% to 30% of ground treated). This
technique does not need casing for pile installation in caving soil.

7. OPERATING COMPANIES

The equipment is owned and operated by Condon Johnson Associates of Oakland, CA. They
have the license from the inventor, Lonnie Schellhomne of Califomnia, to operate the equipment in
five western States. Trevi-ICOS Corporation of Boston, MA, is licensed to use GeoJet
elsewhere in the United States and overseas.

8. REFERENCES

Anonymous. (1996). “Boring Bit with Jetted Fittings Slashes Time to Place Piles,” Engineering
News Record, November 11, p. 19.

Gillette, T. (1994). “Houston Bridge Piles Drilled Using High-Pressure Water/cement Slurry.”
Roads and Bridges, September, pp. 44-47.

Johnson. J. (1999). “Geo-Jet.” Presented at the University of Wisconsin-Milwaukee Short
Course on Deep Mixing Methods, Anaheim/Orange County, CA, Apnl 26-27.

Reavis, G., and F.C. Feyéldenhoven. (1994). “GEOIJET Foundation System.” Geotechnical
News, Vol. 12, No. 4, December. “Geosystems Issue,” Ed. by M.E. Caves, pp. 56-60.
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Figure 90. Mixing wings at the end of the hollow-stem kelly.
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Figure 91. GeoJet pfocessor (Courte.sy‘ of Condon Johnsothssociaxes).

Figure 92. GeoJet equipment (Courtesy of Condon Johnson Associates).
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Geo-Jet ~ Production -
Tooling Performance Specification

Diameter of jets pilot] . 0.1
Num of jets on pilot{;.>-. 3}

Pt

Num of jets on main prosessor jz:-

Slurry Spec.

Slurry P.8.L[ - %100

Slurry density PP.G.{-

Percent cement solids by soil vol.|:.o...

InputS-Feed

Number of cutter faces | T,
Tool RP.M.Lox " B

Job Info.
Hole depth feet}-.

Retract FP.M.|°

Avyg. set-up time on next hole, MIN. |
Production Shift length,Hr.}

Calculated Production Shift length, MIN. (&

Required Cement per hole in Lbs. 2,128
Sacks per. hole 23

Caiculated Column

Vol. perlineal ft. cu.ft 314

Pillot Performance

Pilot jet flow G.P. M. ea. 16.20
Pilot jet flow, tool total G.P.M. 48.61
Cemant solids ibs. per gal. 6.09

Required SPM pump H.P. for pilot
Main Processor Performance
Main jet flow G.P.M. ea. 16.20

Main processor jet flow, tool total G.P.M. 129.61
Ceamaent solids Ibs. per gal. 6.09
Required SPM Pump H.P. for main processor
Gel Breaker Performance
Gel braaker jet flow G.P.M. ea.

Gel breaker jet flow, tool total G.P.M.
Cement solids, Ibs. per gal.
Required SPM Pump H.P. for gel breaker E

Tool Totals

—_— T

Total engine H.P. required

Quantities

Feed Rate

Required lbs. cement solids per. lin. ft. 59.08
Required shurry gals. per. lin. ft. 9.69
Totai slurry req. for hole Gals. 348.91

Feed Rate Feet per Minute|____ 18.28)

Calculated Feed

Chip thickness, inches per REV., per face 1.21

Feed rate FPM.[__16.38]

Drilling ime per hole, Min 1.96

Total retract ime Min. 0.72

Total cycie time Min. 4.18

Total columns per shift 101

Total Lin.Ft Per Shift 3619

Saciks per shift 2,274

Tons per shift 107

Gallons of Slurry Per Shift 35,077

Figure 94. Verification documentation — tooling performance specification.
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Log Scale
RPM, PSI,GPM

10,000.00

Napa Hole 24

50.00

0.00

1.00 - t
010 030 050

0.70. 0.90

110  1.30
Time in Minutes

1.50

T

1.70

1.90

210 230

Tool RPM
—— Tool PSI
—o— S-Flow GPM
—+—$-PSI
——Depth y2
—— Feed Rate y2

~3-—Dens PPG y2

Depth, Density, Feed Rate

Figure 95. Venfication documentation — drilling parameters versus time (Johnson, 1999).
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Hydra-Mech®™ (21)

1. INTRODUCTION

This technique is classified as WJE and involves a combination of mechanical mixing and
hydraulic jetting to form an enlarged column. Development of this method was undertaken
during construction of a test wall by DSM methods at the National Geotechnical
Experimentation Test Site in College Station, TX.

2. GENERAL PROCESS

Drilling is performed to the bottom of the hole using water, bentonite, or other drill fluid.
Mixing commences at the bottom of the hole. Grout is introduced through the shaft at low
pressure, and simultaneously, high-pressure grout (400 bar) is injected through nozzles at the
outer edge of the mixing tool. The mechanical mixing and low-pressure grout injection create a
mixed column equal in diameter to the mixing tool. The high-pressure cement expands the
diameter of the column. At the bottom, the shaft is cycled three times through a 6-m-long
“enlarged zone” (Figure 96). Mechanical mixing occurs smoothly in the center of the column,
and chunks of material are forced to the perimeter, where disaggregation occurs by the jets.
Treatment with the high-pressure jets can be switched on and off throughout the depth of the
column to create plugs of treated soil (Figure 97).

3. EQUIPMENT

Base - 110-tonne crane with a top rotary head or table-mounted rotary drive.

Shafts This technique employs a single shaft, fitted with 1.2-m-diameter paddles and a
0.9-m-diameter auger. Eight 2-mm “hydra nozzles” are located on the outer

edges of the mixing tool.

Grout Plant  3.8-m’ lightning mixer fed from silos with weight-batching control. Progressive-
cavity, low-pressure pumps (DMM) and triplex pumps (jetting).

Control Computer-controlled grout delivery system.

Production  Industrial productivities of 200 to 500 m? per shift are feasible.
4. MIX CHARACTERISTICS

Grout. The same cement slurry is used for the mechanical mixing and the hydraulic jetting. A |
cement slurry with a water/cement ratio of 1.0 to 1.75 is used.
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Treated Soil. The cement factor used in the test wall was 100 to 120 kg/m*. Unconfined
compression strengths of core samples obtained from this test wall were on the order of 2.8 MPa.
Visual observations showed very efficient mixing of slurry and soil.

5. PATENTED/PROTECTED FEATURES

The system has been protected by Geo-Con, Inc.

6. PARTICULAR ADVANTAGES

Hydraulic expansion of the mechanically mixed section allows column sizes to be increased 0.6
to 1.2 m beyond the auger size. Hydraulic jetting results in very homogeneous mixing, and
allows intimate inter-column contact. Fast introduction of grout results in faster mixing and

therefore costs that are two to three times lower than jet grouting. No compressed air is used in
this system.

7. OPERATING COMPANY

Geo-Con, Inc. is based in the United States, with offices in CA, FL, NJ, PA, and TX. Geo-Con
operates within the United States, but has international capability.

8. REFERENCES

Geo-Con, Inc. (1998). Promotional information.

Gec-: on, Inc. (1998). Soil mixing seminar presented by Geo-Con, Inc., New York, NY, June.
Nicholson, P.J. and B.H. Jasperse. (1998). “Hydraulic and Mechanical Cement Soil Mixing.”

Deep Mixing Methods short course presented by the University of Milwaukee-Wisconsin,
Milwaukee, WI, August 27-28.
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: —— ——e

304 Hydra-Mech~ Columns / Total Plug Cementing

P

] o Note

-3 foot chameter bentonte/sotl sturry in

. upper area

Y, -5-6 foot diameter Hydra-Mech cement
fsoll plug at depth

i -No compressed arr used

-Relief to surface for displaced matenal

§ 15 through the bentonite shurry upper 3
4 . foot diameter shaft

Plain View

Cement/ Sod Mix e T o Bentonite Slurry

Water Table

Existing Ground

Cross Section

Figure 96. Total plug cementing using Hydra-Mech®™ (Geo-Con, Inc., 1998).
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Existing 3’ dia. bentonite/soii

ground \ column

Ty AR At

| T
| Water table
Soil mix or
diaphram walls
Cement plug Intamate contact
with wall by high
pressure jet
Cross Section
of Pits
NOTE

« 3 foot diameter bentonite/soil slurry in upper area
« 5-6 foot diameter Hydra-Mech=cement/soil plug at depth

¢ No compressed air used
o Relief to surface for displaced material is through the

bentonite slurry upper 3 foot diameter shaft

Figure 97. Creation of impervious plugs using Hydra-Mech® (Geo-Con, Inc., 1998).
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DRY JET MIXING - DJM (22)

1. INTRODUCTION

The Dry Jet Mixing method, as practiced by numerous major contractors within the DJM
Association in Japan (Attachment 1), is classified as DRE. It is a method of soil treatment
whereby cement or other dry, powdered material is blended pneumatically with soft soil of high
moisture content. The introduced binder chemically reacts with the soil, producing a stronger,
more stable material. In general, less cement is-added per volume of treated soil than in Deep
Mixing methods that use slurry. Considering this and the fact that the binder is dry, much less
spoil is created than by wet methods. It is used only on land-based projects. The technique was
developed by the Construction Ministry of Japan from 1977 to 1979 in an integrated technical
development project known as “Development of New Soil Stabilization Techniques” and was
operational by 1981. There are about 60 to 70 rigs of various types currently active in Japan. It
is most frequently used to treat liquefiable sands, organic soils, peats, and very soft silts or clays
with water content in excess of 100%, below or close to the water table.

2. GENERAL PROCESS

The general process (Figure 98) involves penetrating the soil with the rotating mixing shaft at 24
to 32 rpm using compressed air to prevent choking of the jet nozzles. Some binder may be
injected during penetration. Upon reaching the bottom of the hole, the unit is counter-rotated at
up to 64 rpm and withdrawn while dry materials are injected under compressed air from nozzles
located in the upper mixing blade (Figure 99). Usually, two shafts are used, each with two or
three pairs of blades. The shape of the mixing blades is such that a cavity is created beneath the
blade during rotation. As the blade turns, the air pressure drops within this cavity, into which dry
reagent is therefore deposited. The compressed air used to carry the dry materials passes upward
along the shaft and is vented through a valve in the particle collection shroud located at the
ground surface. ‘

3. EQUIPMENT (Tables 8 and 9 and Figure 100)

Base The base equipment comprises custom-built, crawler-mounted, or (rarely) skid-
mounted cranes. The rotation motors and gear boxes are permanently located
near the base of the rig, thus lowering the center of gravity and improving
stability when tracking on unleveled ground.

Shafts The mixing system (one or two shafts) consists of the drive unit, the drive shaft,
the cutting and mixing blade, and grout nozzles. The mixing unit is composed of
two or three pairs of blades mounted on each of the shafts. The blades have a
narrow profile and do not develop any soil-auguring action. The standard blade is
1 m in diameter, and the maximum depth is 33 m. The spacing of the mixing
units on the dual-mixer models can be 0.8, 1, 1.2, or 1.5 m and the maximum
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depth capacity is 33 m. The heavy rotation motors and gear boxes always remain
at the bottom of the mast thus, promoting mechanical stability during all phases of
construction. .

Binder Plant The plant supplying the binder consists of material storage silos, an agent delivery
system, a generator, and an air compressor.

Control Advanced automatic monitoring gives continuous and accurate records of the
construction depth, rpm, penetration and withdrawal rates, and volume of binder.

Production  Typically, 50 to 55 min are required to install a 9-m column, allowing 6 to 8 min
to detach/add rods. Productivity is 35% to 40% lower in low headroom
conditions. Instantaneous penetration is 0.5 m/min, and 3.0 m/min during
withdrawal.

4. MIX DESIGN CHARACTERISTICS

Injected Materials. Reagent used depends on properties of soil to be treated and the purpose of
the treatment. Binder particle size is less than 5 mm. Cement, cement-based reagent, slag
cement, and lime are most frequently used (90% of all applica-tions), followed by slag, flyash,
and gypsum (Figure 101). Quicklime is used in marine clays with very high water content;
cement factors can be adjusted between strata and vary as follows:

. Cement: 100 to 400 kg/m’ for in situ sand and fine-grained soil
200 to 600 kg/m’ for peats and organics
. Lime: 50 to 300 kg/m’ for soft marine clay soils

Cement-based reagents are effective for treating most types of soils, including peat and organic
soils.

Treated Soil. The amount of binder introduced depends on the soil conditions and desired
properties of the treated soil. Unconfined compressive strengths range typically from 2 to

20 MPa (see CDM for general properties). The ratio of 28-day to 7-day strengths is about 1.5
(Figure 102). Strength gain in DJM is faster than for slurry methods. The shear strength ranges
from 1 to 6 MPa, which is approx-imately 2.0 to 3.4 times less than the UCS (Figure 103). The
tensile strength is 10% to 20% UCS, with this ratio decreasing as UCS increases (Figure 104).
Modulus of elasticity (Eso) ranges from 50 to 200 times q, (Figure 105). Permeability data are
not available, although Yang et al. (1998) note that the permeability of DJM-treated ground is
higher than that produced by slurry methods, and may be “considered semi-permeable.”

In appropriate conditions, the efficiency of mixing is high. For highly plastic cohesives, lumps
will remain. The system produces little spoil.
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S. PATENTED/PROTECTED FEATURES

There are two basic patents (presumably on the blade depth and on the electronic control
systems) and many supplementary patents.

6. PARTICULAR ADVANTAGES

Many kinds of solid agents can be used, and the amount of construction materials needed at the
site is reduced. The “closed system” of transport and injection results in little dust, and soils can
be stabilized without producing waste. The method provides high mixing efficiency, uniform
quality, and higher early strength. Binder dosage can be varied depending on soil, and cement
dosage can be controlled reliably, at different depths, without affecting productivity. The
operation is automated and therefore controlled and verified reliably. The work site is clean
since water is not used, and no human handling of materials is needed. The system produces low
noise, low vibration, and no heaving. A single-shaft machine has been developed (DJM1070E)
for use in relatively low head conditions, and all machines are relatively mobile. The equipment
can work in soft ground without stability concerns or further settlement or damage to sensitive
soil. ‘

Experience since 1980 includes 1.845 million m’ of treated ground per year in almost 300 jobs,
with a total of 15.9 million m> in 2,345 jobs by the end of 1995.

1. OPERATING COMPANIES

The DJM technique is operated by a collection of Japanese contractors who are members of the
DJM trade association. They operate in Japan. (See Figure 106 for annual output.) The most
recent DJM manual notes 64 members with about the same number of drill rigs available. Since
1998, this system has been offered in the United States by Raito, Inc.

8. REFERENCES

Aoi, M., and T. Tsujii. (1996). “Mechanism of Machine for Dry Jet Mixing Method.” Grouting
and Deep Mixing, Proceedings of Is-Tokyo '96, Second International Conference on Ground
Improvement Geosystems, Tokyo, May 14-17, pp. 579-584.

DJM Association of Japan. (1993). DJM Manual. Dry Jet Mixing Association of Japan, pp. 1-75
(in Japanese).

DJM Brochure. (1996).
Fujita, T. (1996). “Application of DJM Under Special Conditions.” Grouting and Deep Mixing,

Proceedings of IS-Tokyo '96, Second International Conference on Ground Improvement
Geosystems, Tokyo, May 14-17, pp. 591-594.
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Nishida, K., Y. Koga, and N. Miura. (1996). “Energy Consideration of the Dry Jet Mixing
Method.” Grouting and Deep Mixing, Proceedings of IS-Tokyo *96, Second International
Conference on Ground Improvement Geosystems, Tokyo, May 14-17, pp. 643-648.

Porbaha, A. (1998). “State of the Art in Deep Mixing Technology: Part I, Basic Concepts and
Overview.” Ground Improvement, Journal of the International Society of Soil Mechanics and
Geotechnical Engineering (TC-17), Vol. 2, No. 2, Thomas Telford, pp. 81-92.

Uchiyama, K. (1996). “Prevention of Displacements While Using the DJM Method.” Grouting
and Deep Mixing, Proceedings of IS-Tokyo '96, Second International Conference on Ground
Improvement Geosystems, Tokyo, May 14-17, pp. 675-680.

Yang, D.S., J.N. Yagihashi, and S.S. Yoshizawa. (1998). “Dry Jet Mixing for Stabilization of

Very Soft Soils and Organic Soils.” Soil Improvement for Big Digs. Geotechnical Special
Publication No. 81, The Geo-Institute of the American Society of Civil Engineers, , pp. 96-110.
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Table 8. Specification of DJM equipment (DJM brochure, 1996).

- " Tyoe DIMIU/0 DIMZD /0 DIM20 L DJM2090 DJIM2090L DIMZT10
" It « & Y , }
N of shaft [ B S A PN S 2 &
x (- "o‘!:a‘“ = - - VN L2 LS00 1,000 1,200 1,50 1,000 1,200 1,500

AEERAERE - ’

o of blade 1.000 1.000 1.000 1,000
® i3 AR AT ™ T A R

N - ; ’

Maximum working depth z" = o n H 3
=

H & ®  rpm 5 ~50 21, I8{G0H2) 32, 64(50Hz) 32, 64(50Hz)
s | Rotating speed of blade

- 2.000 2,000 G M) 2,520 LAREM 3.060 (AMELM
2 | Maxi KN 019.6) (19.6) @i 130.2)
i Xrmum torque
S IM AN MARX mim

Velocity of penetration or 0-~-7.0 0.5~3.0 0.5~3.0 0.5~3.0

withdrawat -

} . S dir, W ¥ —tr altlv Lli. W . # ¢ =Cn - gl &t BRIV (~Oa-
el padem Wi | Moving up down: Engine ~hydraulic motor _| Moving. up down: Engine ~hydraulic motor _ Mows pdom e~ e s
Rotating method hydraulic motoc Y A it AN LUBE { ]

Rotating: Flectric motor Rotating : Electric motor Rotatey: Electne motor
. - n F =T 0PS (LW F 4 =€~ T130PS (110w Fa—em IS (e
i i —_ Engine: ne. Engine:
Out put GINR S5 x 2 TR 90 x 2 &5 LA LIOMx 2 ¢
Electric motor: Electric mutor: Electric motor:
3 i ¥ £ EE XN 1 7. ra—~34 zo-3 K 203 %
Moving method Skid type Crawler type Crawler type Crawler type
t % WM & ®& ket i
Total weight 21,000 67,900 70,000 5,300 90.000 92.800
" - I kel o 0.21 (1] 0.R1 [T 3 1.03 1.06
Contact ground prowwre (Kl [Ha ) w0 [{ S} [& N1 {100.%) (103.9)
:;’ a:l n,“ * & 2.0mx 1% 2.0mx 28 2.0mx 2% 1Swx 28
" e I e s B et o
SN I T
. c " ine V& [ -9 LK
?g &X AR M+ {0 a0t Wt 10t 30t

;‘; Agent silo [ 1 (I < [ 3 [

' % .:r R oxom 2.0 ) z.200% 2% 2. 20 % 2% 2.2 x 2
o 17 fwx Tmx2h twxzn wx 2k
2 MK KR 7 wgf 'ow (686K Pa) 7 kgl o (686K Pa) 7 kgl /aw (686KPa) 7 kgf/ow (686K Pa) = 7 kgf/ (686KPa) =

7 | A 10.5m - 1050w ‘wa 10.5(17.0%) w0/ w I7.0m ‘= 17.0m /'.n

a ir compresor x84 <25 x284 x 28 xTh
R A4 R T MW 125Ky AX |5 300K AX VA 0K AX ) S00KVAX | 5

- Generator OKVAX | ¥ bOKVAX | soAX 1 & SOKVAX 1 1

] )

§ ;‘“k’fu’ * 9 0.6mx 1 0.bmn | & 0.6mx 1 & 0.6mx 1

S [ RA=A e~ WEL L5 R LN X ) MEL LR M e X 4.8 4
Wheel crane x v & E x & x 16
x -3 .3 | 1.500x6.000x22 1.300 x 6,000 x 22 1.500 x 6,000 % 22 h 1,500 X 6,000 X 22
fron plate x 158 x SOH x50HL x 508

00N MASRIm P L SMNTC e T AN

IASUL > TUAMF ¥R ERELRL TS,
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Table 9. Characteristics of dry agent handling plant (DJM brochure, 1996).

I » ®”  Type bDIM1070 0JM2070,2070L | DJIM2090,2090L OJM2110
A F XK L 2 2x2H 2x2d 15% 26
Stored volume

B oix o@om n ke 25~120 (25~120) x 2 (25~120) x 2 (25~120) x 2
Feeding ability

»
FAHRE Ne/em 2~9 (2~9)x2 (2-9)x2 (2~9)x2

® | Consuming air volume

b

S [MAEEATIUE  kegliow 7.0 7.0 9.8 9.8

2 | Maximum compressed (KPa) (686} (686 (960) (360)

§ air pressure

2 |+ & se | 2,400%1,800X3,650 | 4,400% 2,500 X 3,650 | 4,400 % 2,500 % 3,650 | 5,185 2,555 X 4,980
(2R x 2R x 2 /)
Size
(LXWxH) N
@ K X =R kg 3,000 5.100 5,600 6.500
Total weight
W 3 1 4 ton 30 30 30 30

» Stored weight

‘(

a |t & ws | £,300%2,500%2,600 | 7,000x2,500x2,600 | 7,000%2,500x2,600 | 7.000%2,500%4,175
E3.383 £ 1) (BLR29230 <RI | (BLRAazoATEEN | (BLAM L3 ~TURLD

» | Size

B | wxwxh

2

S |2 % R R g 7,500 8.000 8.000 8.200
Total weight

T BROEMRAEDL S FELCEET LI LLAN T,
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1 Posthioning 2) Penetration 3) Compietion of 4) Withdrawing 5) Completion of
penetration (Feeding agent} withdrawing

Figure 98. Concept of installation (DJM brochure, 1996).
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Figure 99. Details of mixing blade (DJM brochure, 1996).
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Figure 100. Details of DJM equipment (DJM brochure, 1996).
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Figure 101. Types and quantities of dry agents used (DJM brochure, 1996).
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Figure 102. Relationship between 7-day and 28-day strengths (after DJM Association, 1993).
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Figure 103. Relationship between shear strength and unconfined compressive strength
(after DJM Association, 1993).
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Flgure 104. Relationship between tensile strength and unconfined compressive strength
(after DJM Association, 1993).
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(after DJM Association, 1993).

207



Percentage of owner or employer

BmM(4.5%) %mfmﬁ.s%)

Company, Others
Private, etc

City, Town, Village

(16.1%) Ministry of construction

(27.8%)
FHSEMZT

~19% [
Corporation, Authority o
B WAT IR (10.3%)
Metropolitan, Prefecture, etc
(39.7%)
295
1,660,000
1,503,000 232
250
1,550,000
1996 (£ %)
" 4
237
1995
VL
196 1994
227, FREIRE
Annual Volume
—~ 1993 B RI&GY
ya b3 e (]
? 1980 FEEASICERMO RN
1992
z 2.3454%
g 15,930,000 n

Figure 106. Annual output of DJIM (DJM broc