IF GROUND IMPROVEMENT IS NECESSARY, WHAT METHODS ARE
AVAILABLE?

Many methods for ground modification and improvement are available, including dewatering,
comna (‘ﬂnn nrplnndmo with and without vertical drains. admixture stabilization. erouting of
compaction, preloadin g with and without vertical drains, admixture stabilization, grouting of

been used for many years. However, there have been rapid advances in the areas of deep

fication), je t and compaction grouting, deep mixing, and stone column systems in recent years.
ods

ions. While most of these technologies were ongi
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than seismic risk mitigation, many of the recent advances in the are
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structures. Various purposes for ground improvement are indicated, along with methods that
s may be suitable for each po-

rticular purpose will de-

pend on many factors, including the type of soil to be improved, the level of improvement
needed, the magnitude of improvement attainable by a method, and the required depth and

areal extent of treatment. The applicable grain size ranges for various soil improvement
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Percent Finer by Weight

Figure 27. Applicable Grain Size Ranges For Soil Improvement Methods.

100 [CRAVEL] I
PARTICULATE GRi QUEFIABLE SOILS
B—
90 - 1
]
80 -
|
70 - r'
-
R L
60 T
-
-
50 l
|
.
1
40 | [
-
L
30 - [7
L
.
20 |
10 |
0
10 0.1 0.01 0.001

Particle Size (mm)

0.0001



An important factor in selection of a suitable ground improvement method is the accessibility
of the site, particularly if the site is already developed. When ground improvement is needed
on large, open and undeveloped sites, there are typically more and less expensive options

available than at sites that

0

re small or have constraints such as existing structures or facilities.
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and prior experience. A summary of approximate costs for various ground improvement op-

tions is presented in Tablie 6.
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found in Mitchell (1981), FHWA (1983, 1986a, 1986c, 1996a, 1996b, 1998), Hausmann
(1990), Mitchell and Christopher (1990), Narin van Court and Mitchell (1994, 1995), Hay-
ward Baker (1996), and ASCE (1997)

Soil Replacement
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excavated soil can sometimes be recompacted to a satisfactory state or it may be treated with
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be replaced in a

c
ent soil with more suitable properties for the proposed application.
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For any layer thickness, the treatment area typically needs to be treated with 2 or 3 series of

ment of 2 to 10 percent can be expected, depending on the amount of explosives used and the
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Permeation Grouting

Permeation grouting is a process by which the pore spaces in soil or the joints in rock are

fllad writh orant ag danintad in Tigrira 218  Tniastinn nracairac ara itenally limitad ta nravant
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fracture or volume change in the formation. One rule of thumb for maximum injection grout-
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grouts, such as cemen itonite, are used for soils no finer than medium to coarse sands
since the particles in the gr st be able to penetrate the formation. Use of micro-fine ce-
mant anahlac nanatratinn nf ecnmawhat finar-arainad coil than can he treated using ordinarv
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three rows of grout holes are usually required to f
tion grouting can also be used for ground strengthening and liquefaction mitigation. Whereas
seepage control requires essentially complete replacement of the pore water by grout, effec-
plete replacement. Additional references on permea-
tion grouting include Karol (1990) and Xanthakos et al. (1994). Case histories on chemicai

Ir can he found in Graf
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1992b).
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SLURRY GROUTING |COMPACTION GROUTING {CHEMICAL GROUTING| JET GROUTING
(Intrusion) | ('Dispiacement') {(Permeation) (Replacement)

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

and displacement to occur (Figures 35 and 36). Unlike penetration grouting, the grout does
not penetrate the soil pores in compaction grouting. The grout acts as a radial hydraulic jack

to bind the mix together, cement, and water. A typical compaction grout mix consists of

about 3 parts sand to 1 part cement, although cement is not always used. The grout forms a

grained soils.

A typical compaction grouting program consists of pipe spacings between 3 to 15 feet, with 5

7 feet spacing common. The pumping rat
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depending on the type of soil being treated. The replacement factor, which is the percentage

of total ground volume that is filied with grout, ranges from about 3 to 12 percent. Ad

ditional
ound in Graf (1992a) and Warner et al. (1992).
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Figure 36. Compaction grout bulb construction (ASCE, 1997).
Jet Grouting

Jet grouting is a process in which a high-pressure water jet is used to erode the native soil and

[

umns of up to about 1 m diameter are typical, although much larger columns are possible us-

soils that are easily eroded, such as cohesionless soils. Cohesive soils, especially highly plastic
clays, can be difficult to erode and can break up in chunks. The return velocity of the drilling
fluid is usually not large enough to remove chunks of clay, so the quality of the grout-soil
mixture could be compromised and hydrofracturing could occur in highly plastic clays (ASCE,
1997). A drawback of jet grouting is that it is very expensive and that special equipment is
required. However, one advantage is that treatment can be restricted to the specific layer re-

quiring improvement. Another advantage is that the injection rods can
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In the deep soil mixing technique, admixtures are injected into the soil at the treatment depth

and mixed thoroughly using large-diameter single- or multiple-axis

groups to form piérs, in lines to form walls, or in patterns to form cells. The process can be
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excavation support walls, and to stabilize liquefiable ground. Deep mixing for mitigation of
liquefaction risk at Jackson Lake Dam is illustrated in Figure 38. A detailed discussion of

kso
deep mixing is presented in
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Figure 38. DSM for Jackson Lake Dam Modification Project (Taki and Yang, 1991).

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

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

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

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

Area to be
excavated

Figure 39. Mini-pile applications (modified from Lizzi, 1983).

62



m

TL 111011
a
]

the load from the steel to the soil. Additional information on mini-piles can be obtaine

d
Xanthakos et al. (1994). Case histories are discussed in Bruce (1991). Information on desi
can be found in Volume 2 of the ﬁfW’AState of Practice Report (1996a).

Soil Nailing

Soil nailing consists of a series of inclusions, usually steel rods, centered in a grout-filled hole
about 6 inches in diameter in the ground to be supported. By spacing the inclusions closely, a

composite structural entity can be formed. The “nails” are usually cing bars 20-30 mm

in diameter that are grouted into predrilled holes or driven using a percussion drilling device at

an angle of 10 to 15 degrees down from the horizontal. Draina
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with strip drains and the face of the excavation is protected with a shotcrete layer.

The purpose of soil nailing is to improve the stability of slopes or to support slopes and exca-
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port is shown in Figure 41. There are two mechanisms involved in the stability of nailed soil
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structures (Mitcheli and Christopher, 1990). Resisting tensile forces are generated in the naiis

in the active zone. These tensile forces must be transferred into the soil in the resisting zone
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Excavate cut Driii hole, instaii instali drains, Hepeat proce €ss
1-Z m high naii and grout shotcrete face & to finai grade
bearing piates/nuts
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Table 3 - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

Increase resistance to liquefaction

Reduce movements
Al TV Y Wil AW

Vibrocompaction, vibrorod
Stone columns

Deep soil mixing

Penetration grouting

o Deep dynamic compaction e Jet grouting
o Explosive compaction e Compaction grouting
s Gravel drains s Sand and gra'v'ei COmpaCtr"‘n pi{es
o Stabilize structures that have undergone e Compaction grouting o Jet grouting
differential settlement e Penetration grouting e Mini-piles
e Increase resistance to cracking, e Compaction grouting e Jet grouting
deformation and/or differential settlement o Penetration grouting e Mini-piles
e Reduce immediate settlement e Vibrocompaction, vibrorod e Deep soil mixing
e Deep dynamic compaction e Jet grouting
e Explosive compaction e Sand and gravel compaction piles
o Compaction grouting
e Reduce consolidation settlement e Precompression ¢ Stone columns
o Jet grouting o Deep soil mixing
o Compaction grouting o Electro-osmosis
e Increase rate of consolidation settlement o Vertical drains, with or without surcharge fills
¢ Sand and gravel compaction piles
¢ Improve stability of slopes ¢ Buttress fills s Jet grouting
s Gravel drains e Deep soil mixing
¢ Penetfration grouting e Soil nailing
e Compaction grouting o Sand and gravei compaction piles
e Improve seepage barriers e Jet grouting o Penetration grouting
¢ Deep soil mixing e Slurry trenches
» Strengthen and/or seal interfaces between | e Penetration grouting o Jet grouting

embankments/abutments/foundations

66 a4 |
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Table 3 (cont.) - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

Seal leaking conduits and/or reduce piping
along condulits

Penetration grouting o Compaction grouting

Reduce leakage through joints or cracks

Penetration grouting

Increase erosion resistance

Roller compacted ¢ Biotechnical stabilization

concrete

AAdmiviiira ctahlilisatiaem
AU TTAWIN S StaviiliLalivil

Stabilize dispersive clays ¢ Add lime or cement during construction
o Protective filters
e For existing dams, add iime at upstream face to be conveyed into
the dam by flowing water
Stabilize expansive soils e Lime treatment ¢ Soil replacement
o Cement treatment ¢ Keep water out
Stabilize collapsing soils ¢ Prewetting/hydroblasting e Vibrocompaction
¢ Deep dynamic compaction e Grouting

S8L-1-0LLE 11T
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Table 4 — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- Improvement perience
ing
Deep Dy- Saturated sands | Up to 10 Square pattern, | D, =80 % Low cost, Limited effective | Extensive
namic Com- and silty sands; | m 2to 6 m spac- (N,)so1= 25;3 Simple depth, Clearance
T partly saturated ing Qe1 = 10-1 required, Vibra-
paction (DDC) sands MPa tions
Vibrocompac- | Sands, silty 30m Square or trian- | D, = 80+ % Proven effective- Special equip- Very ex-
tion, Vibrorod sands, gravelly gular pattern, (N1)eo = 25 -ness, Uniformity ment, Unsuitable | tensive
sands 1.5to3m Qo1 = 10-15 with depth in cobbles and
< 20% fines spacing MPa boulders
Stone Col- Soft, silty or 30m Square or trian- | (N1)so = 20 Proven effective- Special equip- Very ex-
umns (Vibro- clayey sands, gular pattern, Qe = 10-12 ness, Drainage, ment, Can't use | tensive
. silts, clayey silts 15to3m MPa Reinforcement, in soil with cob-
replacement) e e ‘
center to center Uniformity with bles and boul-
column spacing depth, Bottom feed | ders
dry process puts fill
where needed
Sand and Can be used in 20 m Square or trian- | Up to (N1y)ep = Proven effective- Special equip- Very ex-
Gravel Com- rnost soil types gular pattern, 1 | 25-30, Q¢ = ness, Reinforce- ment, Slow, Ex- | tensive
paction Piles to 3 m centerto | 10-15 MPa, de- | ment, Drainage, pensive
center spacing | pending on soil | Uniformity with
type - depth
Gravel Drains | Sands, silty 20m (?) Spacing se- Reduce pore Inexpensive, Does | May require very | Some ap-
_ sands lected to mini- pressure not require treat- close spacing, plications
mize excess buitdup, Inter- ment of full area Settlement not for inter-
pore pressure cept pore pres- prevented ception of
ratio sure plumes pore pres-

sure plumes
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Table 4 (cont.) — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- | Improvement perience
ing
Explosive Saturated Unlimited | Square ortrian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Extensive
Compaction sands, silty gular pattern, 3 | (N1)so = 20-25 ple technoiogy chological barri- | use; no EQ
sands to 8 m spacing Qe1 = 10-12 ers yet at im-
in developed MPa proved sites
areas, 8to 15 m
spacing in re-
mote areas, )
vertical spacing
varies with size
of charge
Buttress Fills | All soil types N/A N/A Site specific, Lower cost, Protec- | Space needed | Seismic ret-
increases sia- 1on or exisung em- 10r dbove rofit of em-
;Tﬂg: and bility, Increased | bankments and ground but- bankment
s,” reduces lig- | large unimproved tresses, Lique- dams and
ground) uefaction po- sites faction settle- retention of
tential, Barriers ment in retained | liquefiable
against lateral areas sites
spreading
Deep Soil Most soil types | 20 m Select treatment | Depends on Positive ground Requires special | Excellent
Mixing pattern depend- | size, strength reinforcement, Grid | equipment, Brit- | performance
ing on applica- and configura- | pattern contains tle elements in 1995
tion tion of DSM liquefiable soil, Kobe EQ

elements

High strength

S81-1-0L41 113
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Table 5 - Summary of Ground Improvement Methods for Remediation of Constrained and/or Developed Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience

Penetration Sands and Unlimited Triangular pat- Void filling and | No excess pore High cost, Fines | Extensive

Grouting coarser mate- tern, 1to2.5m | solidification pressure or lique- prevent use in
rials spacing faction, Can local- many soils

ize treatment area

Compaction Any rapidly Unlimited Square or trian- | Up to D#=804% | Controllable treat- High cost, Post- | Limited

Grouting consolidating, gular pattern, 1 | (N4)eo = 25 ment zone, Useful | treatment loss of
compressible to 4.5 m spac- Qo1 = 10-15 in soils with fines prestress
s0il including ing, with 1.5t0 | MPa '
loose sands 2 m typical (Soil type de-

pendent)

Jet Grouting Any soil; more | Unlimited Depends on Solidification of | Controllable treat- | High cost Limited; to
difficult in application the ground - ment zone, Useful date, in U.S.
highly plastic depends on in soils with fines, most appli-
clays size, strength Slant drilling be- cations have

and configura- | neath structures been for
tion of jetted underpin-
elements ning

Explosive Sands, silty Unlimited Square or trian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Limited use

Compaction sands gular pattern, 3 | (Nqy)so = 20-25 | ple technology, chological barri- | in U.S.

to 8 m spacing et = 10-12 Can localize treat- | ers, Settlernent
in developed MPa ment zone, Slant

areas, 8to15m
spacing in re-
mote areas,
vertical spacing
varies with size
of charge

drilling possible




Table 6 — Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m? Cost per m* Reference Comments
ground sur- treated
facelwall face | ground ($)
($)
Deep Dynamic Low - 8to32. ~5 FHWA (1998)
Compaction
Vibrocompac- Low to moderate | No backfill (B/F) - - 1to 4 FHWA (1998) Plus mobilization of
tion, Vibrorod 15 $15,000/rig
Granular BfF - 25
Stone Columns | Moderate Starts at 45 to 60 -- - FHWA (1998) Plus mobilization of
(Vibro- if suitable B/F $15,000/rig
replacement) readily available
Gravel Drains Moderate 111022 - - Ledbetter (1985)
Explosive Com- | Low - - 2t0 4 Adalier (1996)
paction
Compaction Low to moderate - 5to 50 FHWA (1998) Plus mobilization, pipe
Grouting installation costs
Particulate Moderate - - 3to0 30 Adalier (1996)
Grouting

(Permeation)
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Table 6 (cont.) - Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m? Cost per m* Reference Comments
ground sur- treated
face/wall face | ground ($)
(%)
Chemical High - - 150 to 400 Hayward Baker | If> 700 m’ will be
Grouting {1998) treated with sodium
: silicate grout, assume
(Permeation) $1 95/m9 plus mobili-
zation ($10-50K) plus
installation of grout .
pipes ($65/m) (FHWA,
1998)
Jet Grouting High to very high | Seepage control: - - FHWA (1998) Columns approximately
30to 200 1 m diameter; if head-
L. room is limited, as-
Underpinning, sume high end of range
excavation sup-
port: 95 to 650
Soil Nailing Moderate to high - Permanent: 165 - FHWA (1998) Permanent cost de-
s to 775 pends on type of facing
Temporary: 160
to 400
Deep Soil Mixing | High to very high -- - 100 to 150 FHWA (1998) Plus mobilization of
$100,000
Roller Com- - - - New construc- | Portland Ce-
cted Concrete tion: 2510 75 | ment Associa-
pa _ tion (1992,
Overtopping 1997)

protection. 65
to 130
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