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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-ST units of measurement used in this report can be converted to SI

{metric) units as foullows:

Muiriply

acres
acre-feet

bars per metre

cubic feet

cubic feet per minute
cubic feet per second
degrees (angle)

feet

feet per minute

feet per second
gallons

gallons per minute

gallons per minute per
pounds per square inch

gallons per foot per
minute

inches
miles (US statute)

pounds (force) per
square foot

pounds per square inch

pounds (force) per
square inch per inch

pounds (force) per
square inch per foot

pounds (mass) per
cubic foot

square miles

By

4,046.873
1,233,489
1,000.0

0.02831685
0.02831685
0.02831685
0.01745329
0.3048
0.3048
0.3048
3,785412
0.00006309
0.5490276

12,41933

2.54
1.609347
47,88026

6.894757
2.7144712

22.620574

16.01846

2,589998

To Obtain

square metres

cubic metres

pascals per centimetre
cubic metres

cubic metres per minute
cubic metres per second
radians

metres

metres per minute
metres per second

cubic decimetres

metres per second

cubic metre per minute
per kilopascal

cubic metre per metre
per minute

centimetres
kilometres

pascals

kilopascals

kilopascals per
centimetre

kilopascals per metre

kilograms per cubic
metre

square kilometres



REVIEW OF CONSOLTDATION GROUTING OF ROCK MASSES
AND METHODS FOR EVALUATION

PART I: TINTRODUCTION
Purpose

l. This study was undertaken to review consolidation grouting methods
and to look at the application of consolidation grouting as a remedial measure
for structures in the US Army Corps of Engineers (CE). Consolidation grouting
may be defined as the injection of grout into discontinuities in a rock mass
to control fundamental -rock mass properties such as permeability, strength,
and deformability. Consolidation grouting applications to improve engineering
properties of rock mass foundations will increase in number and scope as
facilities age and deteriorate. However, modern methodologies to improve
economy, reliability, and planning of grouting programs for repair and reha-
bilitation of CE structures are required. This report reexamines factors
affecting the grouting program quality, geologically imposed conditions,
grouting methods, and methods to monitor and to evaluate the quality of the
grouting program. The report also reviews past consolidation grouting proj-
ects and describes the execution, performance, and evaluation of the programs.
The study gives an improved awareness of the factors impacting a successful

grouting.program.
Scope

2. The study was limited to cementitious grouts injected into a rock
mass. Three case histories are presented--the only remedial consolidation
grouting case histories reported by CE. The three case histories are for the
Savage River Dam Spillway, Little Goose Lock and Dam, and John Day Lock and
Dam. With only a limited number of case histories available, the study focus
becomes more general in nature and addresses some of the factors that have to

be considered in the design, execution, and evaluation of a grouting program.



Approach

3. A comprehensive literature review was conducted to examine geologi-
cal fartors, grouting mel:ds, and techniques for monitoring and evaluating a
grout proaciam. Each CE distric® was contacted in a search for possible case
histories. It was found that, altinough the CE frequentliy performs remedial
seepage control groui..r, remedial consoc.idntion grouting has been reported
for only three projects. Many of the findings of the literature review can be
applied to cementitious grouting in general. The material identified in the

literature review and the case histories are evaluated and summarized in this

report.



PART II: GEOLOGICAL ASPECTS

Factors Affecting Grouting

4., Successful injection of cemetitrious grout intc a rock mass is gov-
e.ned by geological f=actors. When considering consolidation grouting as a
remed 1 measure, a determinzifion must be made of whether or not the rock mass
is groutable. Groutability, as defined by Mayer (1963) and Burgin (1979), is
the ability of a rock mass to accept grout and is dependent on site-specific
geological features, properties of the grout mix, and injection procedures.

5. The objective of consolidation grouting is to fill the fractures or
discontinuities in a rock mass with grout. The discontinuities in a rock mass
control fundamental rock mass properties such as permeability, strength, and
deformability. The nature of the discontinuities is a major factor in the
grouting operation. An understanding of general geoclogical principles and
site-specific geology is therefore required to successfully conduct a grouting
program,

6. Frequency, trace length, and orientation are the most commonly mea-
sured geometric properties of discontinuities, according to Merritt and
Baecher (1981). Schwartz (1983) notes that a single value does not exist for
parameters such as spacing and orientation. A distribution of values is more
likely. Therefore, statistical and probabilistic methods are powerful tools
for characterizing discontinuities in a rock mass. However, Schwartz (1983)
also indicates that the application of probabilistic and statistical methods
to rock mechanics is in its infancy.

7. Accordingly, more attention has been directed in recent years to
geostatistical methods to characterize a rock mass. LaPointe (1980) applied
geostatistics to site characterization in Lannon, Wisconsin, for energy stor-
age magnets. Thorpe (1981) described with statistical methods the joint sys-
tems in the Stripa Mine, Sweden. Baecher and Lanney (1978), Baecher (1983),
Schwartz (1983), and Barton (1978) have illustrated statistical methods in
analyzing persistence or trace lengths of discontinuities, rock mass deform-
ability, and other aspects of site characterization. Priest and Hudson (1976)
and Hudson and Priest (1979) showed statistical distributions of discontinuity
frequency =nd related frequency to RQD (Rock Quality Designation). RQD, or

modified core recover, was developed as a means of describing the condition of



the rock mass from core borings. The RQD is obtained by measuring the cumula-
tive (total) length of intact NX core pieces 4 in.* long or longer and divid-

ing by the sampling length,

Discontinuity Patterns

8. foint patterns can be associated with rock lithology in a general
fashion (US Army Engineer District, Portland (1983a)). Jointing in crystal-
line rocks (generally intrusive igneous and metamorphic rocks) usually occurs
in three principal joint set orientations. Near-horizontal sheeting joints
predominate near the surface., Other joint sets are composed of a near-
vertical plane and corresponding plane normal to each other. Joints in meta-
morphic rocks are commonly oriented at right angles with cleavage planes.
Highly complex jointing can also occur, with several sets at nonright angles.
Volcanics or extrusive igneous rocks are more difficult to characterize.
Columnar jointing'is common in basalt. These columns may have three to
six sides, Pumice, scoria, tuffs, and agglomerates are also volcanic rocks.
The presence of gas cavities and pipe vesicles, along with scoriaceous flow
contracts, can absorb tremendous quantities of grout. The inherent, localized
variability of a volcanic mass is difficult to characterize geotechnically.

9. Soluble rocks, including limestone, gypsum, and dolomites, usually
contain two or three joint sets. Solutioning and subsidence require addi-
tional design considerations in grouting. Cavities, joints, and bedding
planes are often clay-filled, thereby limiting grout penetration., Clastic
sedimentary rocks include sandstones and shales. These rock masses generally

contain three, mutually orthogonal joint sets, with one set parallel to

bedding.

Discontinuity Geometry

10. Sinclair (1972) discusses some of the major factors affecting foun-
dation groutability. The primary geological characteristic affecting grout
take is the geometry of the discontinuities (or voids) to be grouted. The

geometry of the discontinuities is defined by width, orientation, trace length

* A table of factors for converting non-SI units of me:zsurement to SI
(metric) units is presented on page 4.



(or length of the crack perpendicular to the joint width), surface character-

istics (roughness), and filling.

11. Discontinuity width (aperture) is one of the more important factors
in cement grouting. If the discontinuity s not wide enough, the cement par-
ticles will not enter. Table 1 lists minimum disrontinuity widths for effec-

tive cement grouting, as discussed in the references noted.

Table 1

Minimum Apertures for Cement Grouts

Reference Minimum Width
Kennedy (1958) 3X max particle size
Morozov and Goncharov (1970) 4X to 5X max particle size
Ruiz and Leone (1970) 0.2 to 0.4 mm
Sinclair (1972) 0.1 to 0.5 mm
Cambefort (1977) 0.15 to 0.20 mm
Burgin (1979) 0.2 mm
Houlsby (1982a) 0.5 mm
Littlejohn (1982) 0.16 mm
Bruce and Millmore (1983) 0.16 mm

12, Littlejohn (1982) states the maximum particle size of portland
cement ranges between 0.044 and 0.100 mm. The apertures in Table 1 generally
range from two to five times the maximum particle size for most cements. The
table suggests that fractures and figsures more than 0.5 mm wide are generally
groutable with portland cement grout. Shimoda and Ohmori (1982) discuss
application of microfine cement, which has a maximum particle size of
0.010 mm (10 ym). Microfine cement should penetrate fractures 0.02 to 0.05 mm
wide based on. an aperture of two to five times the particle diameter. Discon-
tinuities with an aperture less than the two to five times the maximum parti-
cle size are not considered groutable, The cement particles will wedge or
arch across the smaller openings, prematurely blocking the smaller
discontinuities.

13. Aperture is not a commonly measured discontinuity property because
it is difficult to w=asure. Typically, aperture will vary along the length of

a discontinuity. Within a borehole, aperture can be measured with impression



packers or borehole cameras. Results of aperture measurements reported by
Witherspoon, et al. (1980) indicate the aperture distribution to be log
normal.,

t4, Methods to evaluate an average discontinuity width have been
devised by Snow (1968) and Bruce snd Millmore (1985). Both methods are based
on permeability test data.

15. Snow made a series of assumptions for his method that are listed
below. Many of these assumptions were made so the Navier-Stokes equation for
flow between smooth parallel plates could be applied. The Navier-Stokes equa-
tion is also known as the cubic flow law, in which flow is proportional to the
aperture cubed. Snow's assumptions are these:

. All fluid flow is along open discontinuities.

a

b. Flow in essentially parallel-walled discontinuities is laminar.

c. Discontinuities are water saturated before testing.

d. The rock is rigid and inert to the testing fluid.

e. Permeabilities can be computed as though the rock were infinite
and continuous,

f. Discontinuity permeability is isotropic.

g. The number of open discontinuities obey a Poisson distribution.
16, In the method outlined by Snow, the intrinsic permeability k is
determined first in units of length~squared from permeability test data. The

intrinsic permeability k can be calculated as:

CQn (2L/D)

k = 27LH

where
C = coefficient dependent on measurement units
Q = quantity of water discharging in unit time
n = natural log
L = length of borehole tested
D = borehole diameter
H = net head acting on the tested section
17. Secondly, the discontinuity spacing is determined. Snow recommends
the pressure tests be divided into groups with similar lengths of hole

tested L . Each group should contain at least 25 tests, some with a zero

10



discharge. The percentage of zero discharge tests within the group approaches

the probability of intersecting no open discontinuities.
can be determined with

Figure 1. Average discontinuity ‘eucing is then calce ‘oted by dividing the
M.

The average number

of discontinuity intersections per test length M

test length L by ithe number of intersections in a test length

ST T T T T T

AVERAGE INTERSECTIONS PER TEST LENGTH ™
[
I

0 [ N A N S N B
100% 90 80 70 60 50 40 30 20 10 0O

ZERO DISCHARGE FREQUENCY
(ZERO-DISCHARGE TESTS/TOTAL TESTS) x 100

Figure 1. Average number of inter-

sections per test, length versus

probability of zero discharge
frequency (after Snow 1968)

18. Snow assumed a cubical system of discontinuities, as illustrated in

Figure 2. To determine the spacing between discontinuities in a set of dis~

continuities D , Snow introduced a modification factor. Assuming a vertical

borehole drilled into the cubical system shown in Figure 2, Snow shows that
D = 1,25(L/M)

19. With a given spacing D and an intrinsic permeability k , the

porosity P can be found from

P = 5.45(k/p2) /3

11



B S

Figure 2. Cubical system of discon-
tinuities (after Snow 1968)

for a cubical discontinuity system. Snow then shows discontinuity width 2B

to be

2B = PD/3

20. Bruce and Millmore (1983) present a nomogram (Figure 3) that can be
used to estimate average discontinuity width from water test data. The equa-
tion used in the development of the nomograph is for laminar, fully developed
flow between two parallel plates, or the cubic flow law. The nomograph may be
useful for interpretation of the water test; however, the inherent assumptions
in the equation must be acknowledged. The example provided in Figure 3 illus-
trates the use of the nomogram.

21. Discontinuity width is affected‘by the applied grout pressure.

Ruiz and Leone (1970) estimated that discontinuity width during grouting
increased by 0.1 mm under an applied pressure of 4.0 kg/cmz. The rock mass, a
sequence of basaltic lava flows, was assumed to be a homogeneous, isotropic,
elastic media. The increase in aperture is the smallest groutable fissure
width, thereby increasing grout take.

22, Cambefort (1977) recommends the grout pressure be high enough to
widen the discontinuity; therefore, when grouting is terminated, the elastic
response of the rock will provide a tighter seal. If this recommendation is
followed, care must be taken that grouting pressures are not great enough to
"jack' or 1ift the ground surface or to cause hydraulic fracturing. In using

Cambefort s recommendation, the modulus of the rock must be known to delcrmine

12



EQUATION : -
6n Q 1

H= logg = R = DISTANCF TO SOURCE OF WATER
TPg 13 r (EXPRESSED AS EFFECTIVE RADIAL
EXTENT OF A DISC-SHAPED STRATUM
WHERE: - p = DENSITY OF FLUID
H = EXCFSS HEAD AT MID~DEPTH CF n=NO. OF FISSURES PER UN!T LENGTH OF HOLE
SECTION BEING CONSIDERED L= LENGTH OF HOLE OR STAGE UNDFR TEST
7 = VISCOSITY OF FLUID t= AVERAGE FISSURE WIDTH

Q=FLOWRATE INTO HO‘LE OR STAGE r=RADIUS OF HOLE

FISSURE WIDTH FISSURE FLOW EXCESS HEAD
t Q H
M GAL/FT/MIN PSI FT
104
0T 5 e 10%
—— 6
-7
8 1T 9 ] — 10°
10 —=—- £
‘ ~ 2 3
w —— 10 10
. zZ
%e w
4 20" & —— 10
e w
i
.. R
-4 30 S I
—— 40 2 1.5 L 102
-t~ 50 10 ° gO -1 10— —
—— 60 100 1000 —
70 14— 10,000 "
-t B0 , —_ 10‘2 =
90 —4— ., . 10 —f—
—t— 100 —
* R L —— 10
—— 200 —— 1074 —
D J ; 1 =
—— 300 ~— 1075 =
—— 400 L
—— 500
600 —— EXAMPLE:
—— 700 DETERMINE THE FLOW RATE OF WATER INTO A 10-FT-LONG
800 —— 900 BOREHOLE THROUGH FISSURES OF MEAN WIDTH 10 1,
1,000 = WHERE THERE ARE AN AVERAGE OF 10 FISSURES/FT LENGTH

OF HOLE, UNDER AN EXCESS PRESSURE OF 1,000 PSI,
THE AVERAGE VALUE OF R/r IS EQUAL TO 100.

1. PLACE A RULER ACROSS t=10 AND R/r =100 TO GIVE POINT ON REFERENCE LINE,
2. PLACE A RULER ACROSS REFERENCE POINT AND H=1,000 PSI. READ Q/n = 10-2.
3. SINCE n=10 AND L=10 FT, Q=102 x 10 x 10. THEREFORE Q = 1 GAL/MIN.

Figure 3. Nomogram relating aperture and excess head to flow
rate (after Bruce and Millmore 1983)
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where elastic widening stops and jacking begins. Note that this procedure is
not a part of CE grouting procedure.

23, An additional benefit of high grouting pressures was noted by
0'Neill and Lyons (1964). Analysis of the test grouting program at Oroville
Dam showed that the high .. wting pressures squeezed grout into sol: Jjoint-
filling material. Distinct openings in the soft mate:ial were not believed to
have existed prior to grouting.

24, Discontinuity spacing has been addressed by many researchers.
Priest and Hudson (1976) developed the often-referenced relationship between

RQD and mean discontinuity frequency:

0

RoD = 10001 (0,11 + 1.0)

where
RQD = Rock Quality Designation
e = the base of the natural log

A

This relationship is derived assuming discontinuity spacing fits a negative

mean discontinuity frequency (fractures/metre)

exponential distribution. In the study and subsequent publication (Hudson and
Priest 1979, 1983), a negative exponential distribution of discontinuity spac-
ings is shown to be a realistic assumption.

25. The orientation of discontinuities is another factor influencing
grout operations., The probability of a vertical grout hole intersecting a
vertical joint is low. Terzaghi (1965) developed the concept of blind zones
encountered in joint surveys. The orientation of a given outcrop or borehole
precludes observation of discontinuities with parallel orientations. The
optimum grout hole orientation would be normal to the discontinuity to be
grouted, Kreuzer and Schneider (1970) used stereographic projections to
determine the optimum grout hole orientation based on this principle.

26. The discontinuity orientation in relation to the grout hole orien-
tation also determines whether applied pressure will open or close the discon-
tinuity in response to applied pressure. This was shown experimentally by
Barroso (1970). He constructed a rock mass model consisting of lucite blocks
with thre¢ orthogonal sets of fissures. Some fissures opened during pressure
application tc admit grout. Other fissures remained closed and were not

srouted. We can envision fissures intersecting the grout hole at small angles
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pressed closed by the application of grouting pressure; conversely, we can
envision fissures perpendicular to the grout hole opening up as pressure
increases.

27, Discontinuities ar: often assumed to extend areally over wide
extents (Sinc’siv 1972). A joint system with a high degree of continuity wil]
sccept more grout than a discontinuous joint system. Sinclair points out
there are no practical methods to determine continuity in the subsurface.

28, Probabilistic methods have been applied by Baecher and Lanney
(1978) and Barton (1978) to discoutinuity trace length. The statistical
treatment indicates trace lengths fit log-normal distributions; however,
Merritt and Baecher (1981) indicate some researchers have assumed exponential
distributions of trace length.

29. Baecher and Lanney (19/&) investigated the sources of sample bias
in discontinuity trace~length surveys conducted on surface outcrops. The
biases are from orientation, as shown by Terzaghi (1965), and also from size
bias, truncation bias, and censoring bias. Size bias means that longer trace
lengths have a greater probability of being exposed than shorter trace
lengths. Truncation bias occurs when trace lengths less than a given size are
not recorded because of hole spacing. Censoring bias is present when one or
both ends of the discontinuity are not exposed in a surface survey. When

known to exist, these biases should be accounted for during a subsurface joint

survey,

Additional Geological Factors

30. Additional geological factors affecting grout take have been dis-
cussed. Houlsby (1982a) mentions rock strength, rock soﬁndness, and the
in situ stress state. Jawanski (1970) includes the degree of tectonic distur-
bance and weathering. Roughness and filling of the joints will influence
grout take. A clean, smooth joint will readily accept grout. A rough joint
surface will inhibit grout flow, as will fracture fillings. Weathering pro-
cesses and tectonic disturbances (folding and faulting) will often produce
clayey gouge or joint filling. '

31. The in situ stress state may be altered by grouting procedures.

This can result in hydrofracturing, uplift, and associated rock mass hehavior
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generally considered to be detrimental to a successful grouting operation.
Allowable grouting pressures are discussed more fully later in this report.

32. The presence of ground water may alter proposed grouting proce-
dures. For grout to displace ground water, the pressure driving the gir.ut
must be greate: than the head acting on the ground water. Lf ground water is
flowing with a significant velocity, fhe grout may be diluted vy washed away
before the cement sets., Walley (1976) injected a wide variety of grout mixes
into a tank with flowing water. He concluded fast-setting grouts were most
resistant to erosion and dilution of flowing water. Bentonite mixtures were
also resistant to erosion.

33. Ground-water chemistry should be considered. The US Army Engineers
(1984) recommends ground-water sample pH and chemistry be tested. A study by
Gale and Reardomn (1984) showed neat portland cement grout to dissolve when
distilled water flowed through a grouted discontinuity; however, when a super-
saturated solution of Ca(HCO3)2 was the influent, flow rates decreased
markedly with time because of the calcite precipitation. This study indicates

that ground-water chemistry is an important factor when considering durability

of a grouting operation.
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PART III: GROUTING METHODS

34. Grouting methods are fully documented in other publications.
Detailed methodologies can be found in Bowen (1975), US svmv Engineers (1984),
and Albritton, Jackson, and Bangert (19b4) The discussion presceunted in this
part tonches on some of the methodologies affecting consolidation gro:ting

operations and quality.

Evaluation of the Project

35. The purpose of a remedial consolidation grouting program is to
improve the mechanical properties of a rock mass. Cement grout injection for
rock mass improvement has two inherent contradictions (Adamovich and Baushev
1970). First, effective grout penetration is facilitated with high injection
pressures., To limit additional damage to fissured rock masses and also to
produce a high quality grout operation, limitations on applied pressures are
imposed. Second, a thin grout dilution has better penetration, but a maximum
cement concentration is required to obtain substantial improvement of the rock
strength and stiffness properties.

36. The individual characteristics of the rock mass to be grouted can
vary greatly from grout hole to hole. A cursory examination of grout records
from any job will show variations in grout take in adjacent holes. This was
shown during the remedial consolidation grouting done at John Day Lock and
Dam. Figure 4, from Neff, Sager, and Griffiths (1982), shows a variation in
average grout take of the primary holes of 2.5 to 3.5 sacks of cement per lin-
ear foot of grout hole between adjacent monoliths 17 and 19. This observation
implies that flexibility and experience are required to accurately estimate
grout take for a grouting program.

37. Before deciding to embark upon a remedial consolidation grouting
program, an evaluation of the economic and technical aspects of the project
should be made. The site-specific problem to be solved by the grouting pro-
gram is defined in a way that indicates the required depth and areal extent of
grouting. Economics require that the minimum amount of grouting necessary to

correct the problem should be accomplished.
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Stage and Stop Grouting

38. Consolidation grouting is generally performed by stage or stop
grouting. Stage grouting is sometimes called "downstage" while stop grouting
is known as "upstage' grouting. More complete discussions of the methods can
be found in US Army Engineers (1984), Bowen (1975), and Houlsby (1982a), as
well as many other sources. In both stage and stop grouting, the zone to be
grouted is isolated by the use of packers in stop grouting or by the bottom of
grout holes in stage grouting, Each isolated zone or stage is grouted until
refusal criteria (generally a limiting pressure combined with a minimum flow
rate) are obtained. A thin grout mix is injected initially, and, if refusal
is not obtained, the mix is gradually thickened. Figure 5 shows downstage and

upstage grouting methods schematically.

Grout Hole Spacing

39. The split spacing method is often implemented to reduce the risk of
incomplete grout coverage. Split spacing simply means a series of primary

holes are drilled and grouted first. The distance between the primary holes
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is halved, and secondary holes are drilled and grouted between the primary
holes. This process can continue to include tertiary and quarternary holes,
as required.

40. Spacing of primary grout holes is generally 10 to 40 ft for curtain
grouting (US Army Engineers 1984). Nonveiller (i970) explains the primary
spacing is depeudent on fracture system characteristics, rock mass permeabii-
ity, grouting technigues, and pressures. He also believes test grouting is
the only practical method to determine ideal spacing. An idealized cylinder
of grouted rock can be envisioned as the result of grouting one hole.
Nonveiller (i1970) indicates the primary spacing should be greater than the
idealized cylinder diameter. Grant (1964b) presents a similar argument, draw-
ing on the concept of productive interference., The point of productive inter-
ference corresponds to the grout hole spacing at which the adjacent injected
grout masses interact. Closure grouting, usually done with split spacing, is
then used to fill in areas between adjacent idealized cylinders associated
- with the primary holes. This concept is shown in Figure 6, after Sinclair
(1972). Similar to the concept of productive interference is the concept of
diminishing returns. The point of diminishing returns occurs when grout
absorption decreases to the point where the net effect is backfilling the
grout hole. Figure 7, after Sinclair (1972), shows the relationship between
hole spacing and grout take along with the concepts of the point of productive
interference, closure grouting, and the point of diminishing returns.

41. Fergusson and Lancaster-Jones (1964) defined a reduction ratio
(also shown in Figure 6) which is primarily a method to evaluate the grouting
job. The reduction ratio is defined as the ratio of the average grout take of
a particular phase to that of the previous phase (i.e., secondary to primary).

The average grout take is expressed as the volume of grout injected per linear

foot of hole.

Grout Hole Drilling

42. The grout holes should be drilled in direction and angle to inter-
sect as many discontinuities as possible, If the primary set of discontinu-
ities to be grouted consists of horizontal sheeting joints, for example, the

ideal hole orientation would be vertical, nnrmal to the set of discontinuities
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to be grouted. Kreuzer and Schneider (1970) developed a method based on
stereographic projections to determine the optimal grout hole orientation.

43. Grout hole drilling is the most cost-intensive item of a group pro-
gram. In Gra. - '. {1964a) analyses :f three TVA dams, he found, on the aver-~
sge, 1.4 1lin ft of d. ' iling was required to place ! ft3 of grout. Table 2 was
prepared from data presernted by Albritton, Jackson, and Bangert (1%84). The
cost of drilling ranges from 13 to 84 percent of the total grouting progrewn
cost. The overall average drilling cost from the available data is about

52 percent (over one-half) of the entire grouting program cost.

Table 2
Comparative Drilling and Grouting Costs

Ratio, Percent

Total Grout Dvilling/Total
Dam Project Drilling Costs, $ Job Costs, $ Costs, $
Norfork 191,174 227,861 84
Oolugah 13,659 26,005 53
Alvin Bush (1958) 20,371 159,328 13
Alvin Bush (1964) 136,476 236,205 58
Alvin Bush (1974) 155,345 321,075 48
Abiquiu (1963) 71,332 248,722 29
Abiquiu (1967) 300,352 643,661 47
Abiquiu Inc-I (1980) 917,780 2,202,110 42
Abiquiu Tne-II (1980) 796,691 1,749,819 46
Dworshak 649,728 835,522 78
Laurel 46,195 110,158 42
Clarence Cannon 1,418,880 2,282,647 62
Total 4,717,983 9,043,113 52

Note: Data taken from Albritton, Jackson, and Bangert (1984).

44, The grout hole 1s important because it serves as the connection
between the grout plant and the rock mass discontinuities to be treated;
therefore, drilling procedures should result in a clean hole, and the inter-

secting discontinuities need to he open and clean.
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45. The grout hole diameter is one of the manyvfactors to be decided in
design phases. Controversy exists as to the effect of hole diameter. A test
grouting program, reported by O0'Neill and Twvons (1964), found varying hole
diemei v from EX (1-1/2-4n. Jdiam) to NX (3-in. 4iam) had no appreciable
effects o urout take. A grunting program analyzed by lane (1963) showed nn
practical diffi:rence in grout take from drilling 2-in.- or 2-1/2-~in.-diam
holes. However, Albritton (1982) indicated that greater grouting pressures
have to be applied when small-diameter holes are drilled to achieve the same
net improvement in the subsurface. Figure 8, after Cambefort (1977), shows
the pressure distribution versus increasing distance from the borehole. The
figure shows that with the same pressure PO at the borehole wall, the fis-
sure will experience a higher pressure at a given distance for the larger
diameter grout hole. This wii! be discussed later in reference to allowable
grouting pressures,

46, The US Army Engineers (1984) bases hole diameter on factors such as

geology and hole inclination. Smaller diameter holes may drift but can be
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drilled easily in harder rock types. Larger holes will experience less drift
because of stiffer drill rods. Albritton (1982) indicates significant drift
is not expected until depths of 200 ft are obtained. Consolidation grouting
is normally conducted at relatively shallow depths; therefore, grout hole
drifr ie not expected to *o a problem.

47. Percussion and rotary drilling methods are both widely used for
grout holes. Discussion regarding relative benefits of each method has been
continuing for many years. It is generaliy recognized that percussion drill-
ing is faster and costs less; however, premature plugging of fine cracks and
fissures may result from the drilling method. Bussey (1963) noted that grout
take in percussion drilled holes was only 30 percent of the grout take in
rotary holes drilled in diorite. Grant (1964a) showed rotary diamond core
drilling based on grout take was five times better than percussion drilling
methods. Grant's conclusion was based on analyses of three sites. Underlying
bedrock for the three projects included shale with thin limestone beds, sand-
stone with shale partings, and dolomite.

48, Houlsby (1982a) points out that the fundamental issue is to select
an economical drilling method that does not clog discontinuities with cut-
tings. If percussion drilling is selected, Houlsby believes that it must be
wet drilling. The site should be tested to determine suitability of various
drilling methods and how readily the cuttings can be flushed out after drill-
ing. He also states diamond drilling is not necessarily better in all cases.
Some sites have produced sharp, clean cuttings with percussion drilling, where
diamond drilling has yielded dirty grout holes. Albritton (1982) showed per-
cussion drilling with air can cause premature plugging in soft rock such as
shale.

49. The US Army Engineers (1984) states, when rotary drilling, the
drilling fluid pressure can force cuttings into the discontinuities. Houlsby
(1982a) believes the higher air pressure can plug fissures more readily. The
US Army Engineers (1984) also indicates soft rock can smear with percussion
drilling and circulation loss is more difficult to observe when air is the
drilling fluid. The danger of a blockage in the hole, thereby allowing full
ailr pressure to be applied to the foundation, has led the CE to prohibit
drilling with air in embankments and dam foundations.

50. After drilling is completed to the desired depth, it is universally

recognized that cuttings must be flushed from the hole prior to grouting.
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This requirement has often been expanded to an attempt to clean the disconti-
nuities to be grouted. O0'Neill and Lyons (1964) concluded pressure washing to
clean fractures does not work, and it may be undesirable as the clay fillings
may be less pervious than the cement grout. However, they were grouting for
seepage control and were not attempting consolidation grouting. Mayer (1963)
feit that washing is essential to a successful grouting program; however, he
noted that clay fillings cannot always be washed out. Lane (1963) also com-
mented on pressure-washing techniques--the reported proiject met limited suc-
cess. Some of the clay was removed, and connection was observed between grout
holes; however, a postgrout examination of the grouted rock mass showed that

not all of the clay had been removed from the fractures.

Grouting Pressures

51. To obtain maximum grout penetration, maximum pressures are
required; however, applying too much pressure‘can cause irreparable foundation
damage, i.e., uplift and fracturing. The US Army Engineers (1984) presents a
"rule-of-thumb" grouting pressure criterion of 1 psi/ft of depth in rock, and
0.5 psi/ft of depth in overburden soils. The reasoning behind application of
this criterion is to limit the pressure to overburden weight to prevent
uplift. On the other hand, Albritton, Jackson, and Bangert (1984) point out
the growing recognition that higher pressures can be applied safely.

52. The maximum grouting pressure is dependent on several factors in
addition to overburden weight. Morgenstern and Vaughn (1963) state the pres-
sure is dependent on rock strength, in situ stresses, and existing pore pres-
sure in the rock. Sinclair (1972) points out rate of grout acceptance,
geologic structure, grout consistency, and previous grouting, if any, should
also be considered. Sinclair (1972) discusses a concept of uplift resistance
of a rock mass. The resistance is dependent on rock strength, degree of
jointing, and in situ stress state and is influenced by grout consistency and
flow rate. As the areal extent of the pressurized grout increases, the uplift
resistance is reduced. Also, as the pressure acts on increasing areas, the
risk of uplift increases with time; however, he does not present a methodology
to determine uplift resistance. Houlsby (1982a) suggests increasing pressure
should be applied slowly to allow assessment of the effects. Soejima and

Shidomoto (1970) indicate foundation damage is primarily related to flow rate
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and pressure. O0'Neill and Lyons (1964) point out pressure surges, as related
to intensifier-type pumps, can increase the risk of uplift. A range of allow-
able pressures implemented in the past is shown in Figure 9, after Houlsby
(1982a). ‘Moulsby notes that, in general, European practice allows a pressure
gradient of 1 har/m of depth (about 4.% pgi/ft); whereas. "merican practice is
! psi/ft. TFigure 9 graphically indicates the difference between the allowable
gradients. Houlsby shows how the pressure gradients can pertain tc soundness
of the rock mass., As shown i Figure 9, lower pressures should be appiiad to

weak or highly fractured rock. Sound, strong rock will accept higher pres-

sures before damage occurs.
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Figure 9. Recommended maximum grout pressures
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53. The relative importance of foundation damage can be deduced from
the laboratory shear strength tests conducted by Deere and Coulson (1971).
They found the shear strength of a natural rock joint is greater than a
grouted rock joint, and the strength decreased as the thickness of grout

increased. The strength decrease was attributed to loss of contact of suriace
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asperities. Up to a limiting grout thickness, the asperities would still have
a degree of interlocking. As grout thickness increases, the interlocking
decreases until there is no intersection of the asperities during shearing.
The shear strengtli is then equal to the grout strength.

54. A jointed rock model grouted by B- roso (1970) indicated the dif-
ference in grout penetration obtained by varying the rate of pressure applica-
tion. When maximum pressure was applied at the beginniwg of the grout
operation, the fissures opened immediately to accept the grout, and better
penetration of all fissures was achieved than when pressure was applied incre-~
mentally. This is at variance with Houlsby's (1982a) recommendation of slowly
applying the pressure; however, his intent was to minimize foundation damage
and not to maximize grout take.

55. Bruce and Millmore (1983) used hydrofracturing to estimate the max-
imum allowable pressures a foundation could accept. This may not be applica-
ble for remedial grouting because of existing structures and possible damage
to them.

56. Morgenstern and Vaughn (1963) and Sinclair (1972) point out the
grouting pressure will open the fissure to be grouted. The widening may be
about 0.1 mm, the minimum groutable width for cementitious grout based on par-
ticulate diameters. This aspect of grouting was discussed earlier.

57. In calculéting the pressure at the point of injection, Sinclair
(1972) shows the weight of the grout column and water pressure in the rock
should be considered. The pressure at the point of injection is not the gage

pressure measured at the collar.

Grout Mixture and Equipment

58. Typically, during the grouting operation, the grout mixture is
thinned or thickened in response to conditions encountered. Each hole is gen-
erally started with a thin mixture. If refusal is not obtained in a reason-
able period, the grout is thickened. This procedure is justified by 0'Neill
and Lyons (1964). They believe thin grout, with better penetrating ability,
will fill the small cracks and fissures. The thicker grouts will then fill
the larger connecting fissures. In the United States, the water-cement ratio
of the initial mix generally ranges Letween 3:1 and 5:1., Water-cement ratio,

, , 3
unless otherwise specified, is the ratio of water, in ft~, to sacks of cement,
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given as 1 ft3, loose volume of cement. Houlsby (1982b) recommends beginning
with a 2:1 mix, based on experience and demonstrated durability.

59. Grouting equipment considerations are fully discussed in other pub-
iications. Some of the more important concerns, as they apply to consolida-
tion grouting, include the mixer and grout pump.

60. One of the most influential equipment items is the mixer. The
high-speed "colloidal" mixers produce a grout with higher fluidity and greater
stability than paddle-type mixers, as shown by Mayer (1963), O'Neill and Lyons
(1964), Burgin (1979), and Albritton, Jackson, and Bangert (1984). It is
believed high-~speed mixing breaks up particle agglomerations, thereby increas-
ing uniformity of the grout mix. High-speed mixers may also reduce cement

particle size by rounding the sharp, angular pieces.

61, Grout pumps also need to be considered. Piston-type or intensifier
pumps can produce a pressure surge on stroke reversal. The surge may cause
fracturing or uplift of the foundation. The Moyno or screw-type pumps do not

exhibit the surging action and are preferred by most practitioners.
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PART IV: MONITORING AND EVALUATION OF GROUTING

62. A successful consolidation grouting program results in an increased
strength and stiffness and a reduced permeability ~f a rock foundation. This
is accomplished by filling voids «nd fissures in the rock mass with grout, and
displacing the air, water, and, on occasion, clay or other infillings.

Kujundzic (1966) states:

By filling the fissures and cavities in a rock mass with
cement grout, its individual parts become connected and
thus its compactness increases. In this way, instead of a
discontinuous medium, partial displacements of individual
rock parts are eliminated, and so the deformability of the
rock mass is, in fact, reduced and the value of the defor-
mation modulus increased.

Besides, the marked reduction of deformabiliiy by consol-
idation grouting we succeed in making homogeneous rock
masses that are heterogeneous by their parameter of fissur-
ability. Individual zones, fractured in a varying degree
and having therefore various deformation moduli, acquire
through grouting such values of deformation moduli that
they approach each other. This applies also to the reduc-~
tion of the degree of anisotropy when the anisotropy, by
the parameter of deformability, is provoked by the pre-
determined or existing directions of the fissure systems.

63. To perform a successful grouting job, the grouting operation must
be monitored and supervised in the field by a competent engineer or geologist.
The experience of field personnel often determines the quality of the grouting
job.

64. A postgrouting evaluation of the job allows an assessment of the
adequacy of the job. All too often, a postgrouting evaluation consists of
observing structure performance. More recently, geophysical testing has been
conducted before and after grouting to evaluate the degree of grouting

effectiveness.

Electronic Monitoring

65. Recent application of microcomputer technology is changing tradi-
tional monitoring methods. Field monitoring typically consisted of recording
pressure, mix ratios, and quantity of grout pumped. The grout quantity was

measured by recording the height of grout remaining in the mixing or holding
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tank at specific time intervals. Now, equipment is commercially available to
record highly accurate pressure flow rate and flow quantity readings in real
time. Davidson (1984) discusses the grout monitoring program recently con-
ducted b rhe US Bureau of Reclamation. Jefferies., Kogers, and Reades (:982)
discuss a similar application and he associated product. ity gains possibuie.

66. These w.nitoring systems producs real-time plots ¢f pressure and
fiow rate. Figure 10 shows typical plots from Jefferies, Rogers, wunid Reades
(1982). Figure 11, from Davidson (1984), shows scwre of the variations avail-
able. By watching the flow versus time and pressure versus time plots, expe-
rienced inspectors at the grout hole determined refusal and identified leaks
and other problems. Once the system's "bugs' had been worked out, the Bureau
inspectors felt the system worked well and improved efficiency and job
quality.

67. Another aspect of electronic monitoring is the capability of moni-
toring several holes simultaneously. Mueller (1982) and Davidson (1984)
report on multiple hole hookups. In both reported cases, equipment allowed
five grout hookups and one water pressure test connection.

68. 1In the case of electronically monitored grouting, equipment down-
time becomes important as in any technology-based operation. However, in the
cases discussed previously, the problems were solved. Davidson states these
are the primary problems encountered:

a. Line voltage variations.
b. Microcomputer malfunctions, primarily dust related.

Software problems, primarily loss of incoming data while
plotting.

¥e)

Personnel resistance to change in standard operating
procedures.

69. The equipment is not meant to completely replace experienced per-
sonnel. Experience is still required to interpret the data, to determine mix
change, when to stop grouting, and so forth. The equipment allows faster
interpretation and more comprehensive analysis. In short, microcomputer tech-

nology is a tool that can increase productivity, job quality, and reduce costs

when properly applied.
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Figure 10. Typical grout injection records
(after 