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PREFACE

The problem of controlling ground water is becoming more important
to the mining engineer, In meny cases, large amounts of time and money
are being spent to enable the mining industry to penetrate unconsolidated
and water~-bearing rock and seoils. The purpose of this thesis is to
combine in & single volume all the available information concerning
grouting and freezing as methods of solving this problem. As far as
possible, this information has been brought up to date,

An originel research was conducted by the author, The experiments
were made to determine if freezing a water-saturated sand could be
accomplished in laboratory experiment by using dry ice and isopropyl
alcohol. The tests are desocribed and the results are given in this

paper.
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GROUTING

Introduction

The process of groubing has undergone many changes in recent
years. A definition must, therefore, be inclusive, "Grouting" is
" the process of injecting, under pressure, into soil and rock through
boreholes or other openings, any solution or suspension containing
meterials that harden, stiffen, or swell in void spaces to produce a
solid or semi-solid impermeable mass. Various cements, chemicals,
asphalts and clays are the materials used in the grouting process,
The use of tailings is also considered a type of grouting, since some
hardening or stiffening tekes place,

Cement grout relies on chemiocal reaction to bring asbout setting
or hardening in place., Chemical grouting consists of injecting seolinr-
tions of two or more soluble salts, and it depends on the chemical
reaction between the solutions to produce an insoluble salt which is
precipitated in the voids. Asphalts are solidified by cooling. Clays
depend on swelling ocaused by aebsorption of water to produce an imperme
eable manss,

The liquid in a grouting mixture serves as the transporting medium,
The pressure exerted on the liquid forces grout into the woids. Con-

tinued pressure holds the grout in place until it hardens or swells,

Uses of Grouti{;&

Grouting can accomplish several purposes. Sturges (1) lists

(I)S es, F. C., Inkroduction-grout i
. 0 o in mines, A.I.M.E. Tech=
nical Pablisation 2427, Symposium ci;ggerouting.’pebmary, 1948,

Pe l.
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them as follows:
l. To stop the passage of fluids and gases,.
2, To cement materials together to make them stronger.
3. To prevent consolidation of materials by filling void
space with something solid as a replacement for the
air and water that could be forced out under load,

Construotion Industq

The construction industry uses grouting for all three of ‘the
above purposes. Stabilizing soils and rock under foundations, bridges,
dem sites, and roadbeds and repairing leaks in conorete and masonry
structures constitute its greatest uses, Grouting in foundation work
is used to £ill void spaces and to bind broken material to reduce
settlement and increase bearing strength., Dam site grouting opera-
tions are undertaken to reduce hydrostatic uplift by sealing under-
ground water courses. Water leakage from reservoirs can be stopped
by grouting. Brick and concrete structures can be made impermeable by
grouting.
0il Industry

The o0il industry is primarily oconcerned with sealing boreholes to
prevent passage of fluids and gasses. Cement grout is usually used,
It is mixed as a neat cement slurry. This slurry is 1n3§ctod into the
borehole for the following purposes:

l. To protect oil and gas bearing zomes from undesirable
water,

2. To protect casings.

3. To prevent blow-outs.

"4, %o help #support the casing in the hole.
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The method used in oil well cementing varies somewhat from other
grouting methods. After the cement is pumped into the casing, a plug
is placed above the cement. This plug separates the cement slurry and
the mad or water which is used to apply pressure on the grout, The
cement is pushed down through the casing and back up through the annular
space between the casing and rock. When the plug reaches the bottom
of the ocasing, pumping is stopped. This leaves the bottom of the casing
surrounded by cement to insure a tight seal,

Mining Imdustry
The mining industry mast meet the same basic problems as the oil

end construction industries though mining as a whole has not made the
extensive use of grouting that the other industries have, In those
mines where the water problems are not too difficult and expensiwve to
solve, grouting is not worth considering. On the other hand, water
met while sinking a shaft or driving emtries, slopes, drifts, and other
openings presents a very difficult problem and one that is expensive
to overcoms,

Basiocally, grouting as applied to the mining field is used for
the control of ground water whether it is in sinking a shaft or in the
extraction of ore, If the problem warrants the use of grouting, the
foilowing results can be obtained:

1. Provide stable ground for the shaft to the orebody.
2, Provide additional support for roofs and walls.
3. Improve safety conditions,
4, Lower pumping costs.
Whatever the purpose, only intelligent handling bj experienced personnel

can make grouting effective and economical,

www.manaraa.com
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Two methods of grouting are used in tumnel and mine work. The
first method consists of grouting through pipes into the strata which
are to be made impermeable before the excavation has reached the water=
bearing zone, In the second method, water is temporarily drained away
through bleeder pipes until some type of lining is placed. After the
lining has been placed, grout 15 injected through these bleeder pipes
or through special pipes left for this purpose., The lining mst be
designed to withstand high pressure. A cylindrical lining is capable
of resisting very high pressures and should be used if high pressures
are anticipated,

In existing shafts in which the lining is not impervious, the
second method can be modified somewhat. Holes can be drilled along
the lining and grout forced into the holes. This method must be used
with ocaution because the pressure might break the lining.

Grouting in slopes is usually a mmch more difficult problem than
grouting in vertical shafts, Since the strata are usually horizontal,
the grout must travel over a greater radius to be effective, A test
hole which is drilled ahead of, and downward at a greater angle than
the slope, is used to determine the presence of a water-bearing stratum
or unconsolidated material. If such a formation is reached, grouting
is carried on in steps.

Grouting ahead of the excavation is the method usually used to
seal underground workings. If loose material is encountered or if water
breaks through after advance, the second method will be used.

Grouting Maeterials and Mixtures

Factors Influencing Type of Material Used

Various factors influence the selection of the type of material to

www.manaraa.com
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be used in groubing. These factors are listed as follows:
l. Permeability and porosity of the strata.
2, Purpose for which grout is to be used,
3. TWater pressure and flow in the strata.
4., Availability of grouting material.
5. Chemical cénsiderations.
6. Temperatures of the water, rock, and soil.
7. Cost of the grouting materials.
8., Type of project.

The permeability of a formation is a measure of the resistence
offered to movement of fluids through its pore spaces, The size of
the pore spaces betwsen the grains and whether or not these spaces are
connected will determine what fluids may enter and will have a marked
effect upon the resistance offered to movement of fluids through the
rock, In addition to the pore openings between grains in a granular
rock, other openings, such as joint and eleavege planes, vesicular
openings, solution cavities, and corevices formed by frasturing may
also be considered under permeability.

In grouting openings with a permeability greater than one~tenth
of a centimeter per second, cements, clays, and asphalts may be used.
In most cases cements are used if possible since they provide the
strongest and best seal, Where the permeability is less than one-
tenth of a2 centimeter per second, chemicals are applicable. Often,
oracks and fissures permit the grout to escape and penetrate a much
larger volume then is required to complete the grouting operation.

This is cited by Elgin (2) who says:

www.manaraa.com



(Z)Elgin, R. A., How Leadville Tunnel is driven through bad ground,
Engineering end Mining Journal, Vol. 146, No. 3, March 1945, p. 99.

TWhen the cement was forced into grout holes through the
bulkhead, it was found to be escaping back into the tunnel
through numerous oracks in the bottem, back, and sides, How-
ever, this problem was overcoms by drilling a series of holes
through the concrete, begiming 40 feet back of the face, and
forcing a mixture of cement, ocalcium chloride, hot water, and
oats, into the area immediately back of the conorete, Because
of their ability to expand upon absorping water, the oats
effectively sealed the numerous small frastures through whioh
water and cement were escaping.

The eats stopped the flow of water and the caleium chloride accelerated
setting time of the cement on the project cited in the above quotation.
Some grouting materials are e.asily eroded by flowing water,
Bentonite oclay, for example, can be washed away by flowing liguids. It
follows that this material is unsuitable for grouting under these con-
ditions. Cement will resist erosion after it has set, but much will be
washed away when grout is being placed in flowing water, Christians (3)

says:

(3)christians, G. W., Asphalt grouting under Hales Bar Dam, Engineering
News-Record, Vol. 96, No. 3, May 20, 1926, p. 802.

Cement grout washes, and even when the flow is very

8light enormous quantities are washed away and wasted before

a closure is effected.
Asphaltioc materials will resist this erosion and stop flows under these
conditions. If water flow is found in fine-grained materials, one of
the chemioal methods must be used. v

The effect of pressure oan be seen in the following illustration,
While sinking Begle-Picher?!s New Garret Shaft, cement grout was chosen

to control the flow of ground water. According to Ritter and Stroup (4)‘3

www.manaraa.com
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(4)Ritter, N. E. and Stroup, R. J., Sinking Eagle-Picher's New Garret
shaft, Mining Congress Journal, Vol. 24, No. 9, September 1938, p. 14.

The guantity of water was immaterial to the method; bubt

it was realized that grouting would have to withstand 110

pounds per square inch of pressure at the 439 ft. level,

Cements increase the strength of a formation and can be used where high
pressures are anticipated as cited above.

Grouting materials which are close to the operation and which
possess properties suitable for the job are the materials used. For
example, if clay is close to the project and if it has the properties
needed to complete the grouting operation, clay will be used. Freight
charges ralse the cost of grouting materials and thereby raise the cost
of placing the grout. The elimination of these charges reduces the cost
of the whole operation.

The chemical constituents of the rock or soil to be grouted determines
the type of grout to be used. For example, large gquantities of guartz
in strate to be grouted with chemicals will produce a better seal and

greater strength than if small quantities are present.

In an example cited by Stiefel (5) » ordinary cement gave a set

(5)S’ciefo1, F. W,, Overcoming underground difficulties, Compressed
Air Magazine, Vol. 46, No. 12, December 194l1. p. 6613,

volume of 50 per cent while high early strength cement gave a set volume
of 90 per cent., It was this difference that enabled the contractor te
seal and consolidate the water-bearing rock,

The effect of temperature is indicated by Elgin (6) in his dis-

www.manaraa.com
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(G)Elgin, g. é., op. cit. p. 97,

cussion of the construction of the Leadville Tunnel, The underground
water temperature was found to be 37 deg. F. Straight cement mixed with
the cold mine waters did not set for several days. This difficulty was
overcome with the use of hot water and caleium chloride., All grout used
was mixed with hot water and one pound of ocalcium chloride was added for
each 100 pounds of cement.

When the need for grouting has been established beyond a doubt,
cost has little effect on the choice of the material to be used in grout-
ing. The choice will depend on the purpose for which the grout is
injected, When materials have equal properties to accomplish the
desired results, the cheapest grouting material will be used,

Grouting Materials

There are various materials and classifications of these materials
used for grouting, but for this paper, the following classes will be
considered:

l, Cements

2. Chemicals

3. Asphalts

4., Clays
Cements

The most common types of cements used in grouting operstions are
listed as follows:

l. Portlard cement
2, Modified poi’tla.nd cement

S5, High alumina or high early strength cement

www.manaraa.com



4, Gypsum cement

The grouting properties of portlend cement very with different
menufacturers so that a definite statement cannot be made, | The port-
land cement referred to here is commonly used in the construction
industry. Occasionally, only minus 200 mesh portlend cements are
used, These materials are obtained by rescreening the cement. This
is rather expensive and should be avoided if possible.

The modified portland cement contains an sdmixture of calcium
chloride to accelerate setting. This admixture is usually added by
the manufacturer. The consumer may add it if shortening of setting
time is desired., The affect of this admixture will be discussed
later.

High alumine or high esrly strength cements are often used be=~
cause finer grimnding permits better penetration, and the high early
strength saves time,

Gypsum cement, mede from calcium sulphate, sets and hardens at
nearly the same time., It takes approximately two hours for gypsum
cement to develope full strength,

The two most important problems which confront the engineer in
planning a grouting program, ere the determination of the grout mix
or consistency and the determination of the pressure at which the
grout will be injected. Since pressures will be discussed thoroughly
in a later section, this discussion will to limited to grout mixes,

Minear (7) states;

(7)Minear, Ve Les The art of pressure grouting, The Reclametion Era,
Vol. 27, March 1937, p. 659.

www.manaraa.com
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The selection of a proper water cement ratio is the

most important phase of high pressure grouting and undoubt-

edly more holes have been lost by inexperienced men attempt-

ing to use & thicker grout than the hole would accomodate

than from any other ocause.
There is no stendard consistency of cement mixtures that should be
used in initially sterting the hole, On one operation, it may be
necessary to use a water-cement volume ratio of one to 30; om another,

a ratio of one to 10 is the thinnest mixture that can be used. From

experiences on Boulder Dam, Minear (8) suggests the following rule of

(B)Minear’ Ve Log Ibido

thumb;

The initial injections should be of grout having a
water~cement ratio equal to 0.01P where P is the limit-
ing pressure. Thus a 500 pound hole (9) would be started

(9)This term refers to the limiting pumping pressure at which grout may
be injected.

with a grout whose water-cement ratio by volume, was 5.

The water cement ratio depends on the permeability and porosity of
the structure to be grouted. A neat cement paste is ordinsrily used for
grouting fine fissures or highly faulted rock zones, Large cavities
sometimes require that some type of filler be mixed with the cement
paste, Oats, hay, straw, beans, sawdust, wood shavings, and manure
have been used in places where water is flowing. These materials plug
the cavity and retard the flow of water. They also provide a bulkhead
against which grout may be injected. This work requires a low pressure

until a partial set has been reached,

www.manaraa.com
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Sand has been used to fill cavities, seams, and some faulted
zones where water was not flowing. When used, the sand should be fine,
All should pass 1/% inch sieve and 50 per cent should pass 50 mesh
sieve, While mixing & sand-water-cement grout, care should be taken
to insure thorough mixing. Otherwise, the send may form lenses and

fail to make a good seal. Hays (10) states:

(lo)Hays, Je B., Improving foundation rock for dams, Civil Engineering,
Vol. 9, No. 5, May 1939. p. 309.

Many grouting specifications have allowed the use of
mixbtures of sand and cement, especially where the required
gquantities of grout are large. If it is intended merely to
£ill large openings and to neglect small seams, and if there
is no concern as to permesbility of grout, the addition of
sand is satisfactory.

In a grouting mixture of sand and cement, the cement
serves as8 a Jlubricant to convey the sand, Once in the
cavity, the sand settles to the bottom and the cement comes
to the top, the rate end degree of segregation depending on
the relative quantity of water used in the grout and the
presence of water in the cavity.

If high strength of cement grout is not required, bentonite may

be added to the sand-cement grout. Hays (11) says:

(11)Hays, Js B., Foundation experiences, T. V. A., American Society of
Civil Engineers Transactions, Vol. 106, 1941, p. 791.

Bentonite has a dispersion sction on the sand and cement,
thus keeping all of the materisls in suspension. Without
bentonite, the sand would have washed out of the mix and would
not have been effective in stopping water,
Rock flour mey be substituted for part of the cement used in groute
ing. When lerge quantities of grouting msterials are required, this
substitution may be made to save on the quantity of cement used. The

addition of rock flour may have a harmful effect on the cement in thet
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it can cause unsoundness. It also retards the setting time of the

cement. Lewis (12) says:

(12)Lewis, Je Se4 Jr., Foundation experiences, T. V., A., American
Society of Civil Engineers Transections, Vol. 106, 13941. p. 718.

It may safely be assumed that, in grouting extremely
seamed rock at a fixed rate of pumping, the ares that will

be covered 1is dependent to & large extent upon the setting

time of the cementing material. By the use of a slew-set-

ting material, the distance traveled by the fluid may be

increased so that areas completely outside of the regien

that it is desired to treat will be grouted and the quantity

of material necessary to effect consolidation inoreased sppre~

ciably. Obviously, even if the unit cost of grout wes reduced

by the use of a cheap, inert materisl to replace part of the
cement the total cost of treating a given area might be in-

creased if the quantity of material consumed was appreciably
larger.

To accelerate the setting time, ealcium chloride can be added to
the cement-rock flour mixture. It was found that the addition of
three per cent calcium chloride by weight will offset the retardation
of the rock flour, Table 1 gives a condensed summary of the results
of rock flour-cement grout tests.

Meny asuthors believe the best mixture and the proper consistency
cement grout can be found by trial and error combined with judgement
and experience. It is usually best to use the thickest mixture that
will flow since less masterial is wasted and the cement will attain its
highest strength. The strength of cement varies inversely as the
quantity of water used during mixing. The time required for portland
cement to set increases as the water-cement ratio increases as shown
in Figure 1. Consequently, that percentage of water which will meet
the requirements must be used if satisfactory results are to be obtained,

While grout is setting, it undergoes considerable shrirvkage, even
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TABLE 1
SUMMARY OF NORMAL CEMENT AND ROCK FLOUR (13)

Test Mix by volume Time of setting in hours and minutes Calcium
no. cement rock water initial final soundness chloride
flour set set

5 1l 1 2% by wgte 3:15 6150 ok PR

6 1 1 " 2:45 5:00 ok 3% by wgte
9 2 1 " 2:50 6:35 ok -
10 2 1 " 1:45 3:26 ok ¥ by wgte
11 2 1 1.6 11:00 22:00 ok SO

12 2 1 1.5 4:06 10: 30 ok 3% by wgt.
13 1 2 23% by wgte 4:30 6:45 ok J——

14 1 2 " 2:15 4:20 ok 3% by wgte
18 1 2 16 16100 36100 ok ———

16 1 2 1.5 10:00 18:00 ok %% by wgte
(13)

LeWis, Jdo So. Jrag Ibid,
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Figure!. Effect of water-cement on setting time of portland cement.
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though the minimum amount of water was used in the mix, When a thin
mix is pumped at low pressure, the surface of the grout will shrink
from the top of the hole up to one-third of the depth of the hole after
grouting has been completed. This seme condition exists underground
around fissures, oracks, and crevices when the grout is too thin or
when it is injected with too low a pressure. When thicker grouts are
used, less shrinkage takes place. Higher pressure displaces more water
from the grout after it has been injected,

It should be noted that there is no greaster tendency for grout to
gettle out in tanks or pipes with thick mixes than there is with thin
mixes. Settling can be minimized or stopped by maintaining a flow of
grout of sufficient velocity. This can be most easily accomplished by
using flow and return pipes with a small diameter,

The time required for setting of cement grout is dependent on:

(1) quality or type of cement, (2) age of cement, (3) water-cement
ratio, (4) temperature, (5) ocuring conditions, end (6) quality of
water,

There are several cements having decidedly dissimilar properties,
For cementing water<bearing ground, & hydraulic cement is required,
Such cements are represented by portland, modified portland, calciume
aluminate, and gypsum cements. The time required for a hard set to:
fém may vary within wide limits in similer types of cements, Setting:
time is no oriterion of quelity, but it iz important in grouting be-
ocause it indicates whether or not a given cement can be used advan-
tageously.

In tests conducted with fresh portland and calciume~sluminate
cements; it was, found that the setting time lengthened as the age of

the cement increased. All hydraulic cements will absorb moisture from
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the air, which moisture, in time, will be sufficient to retard set-
ting tiﬁe. This property was particularly noticeable in the calcium~
aluminate cement tested in the field,

Certain grouting jobs require a high water-cement ratio to insure
proper placing, workaeble mixtures, and penentration of the grout inte
the ground to be treated. As previously pointed out, tests on port-
lend cement show that the rate of setting decreases as the water-cemsnt
ratio increases. However, similar tests conducted on calcium~aluminate
cements indicate that hardening is not materially affected when water
is added in quantities varying from 73 to 21 gallons per sack,

Natural conditions in the borehole control the temperature and
curing conditions of the cement grout. Some control cen be exerted by
regulating the temperature of the mixing weter and cement. Calcium
chloride may be added to lower the freezing point and insure thé com-
plete chemical reaction between cement end water, Care should be taken
because too much calcium chloride can cause unsoundness.

Abrams (14) when making comprehensive tests of impure mixing water

(14)Abrams, D. A., Test of impure waters for mixing ooncrete, American
Concrete Institute, Proceedings of the Twentieth Anniversary Con-
Vention, Vol. 20, 1924,

did not find an unsound sample of cement, Tests by the Bureau of

Mines (15) on water from the Christmas Mine indicated that the setting

(15)0. S, Bureau of Mines, Report of Investigations 4558. p. 7.

times of both portland end calcium-aluminate cements were retarded by
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the impurities in the water, The setting time of portland cement was
retarded as much as 10 per cent,

Various admixtures have been used to change some of the properties
of grouting cements., It should be noted that an admixture having a
favorable affect on one cement might have the opposite affect on another
cement, The Bureau of Mines conducted tests with admixtures to deter-
mine the affect on portland and calociume-sluminate ocements. Some of the
tests were not carried to completion because of the lack of materials,
but they do give an indication of the affect, Table 2 summerizes these
tests.

The affect of admixtures may be harmful or helpful. It is desir-
able that pressure cement grouts harden rapidly, but set slowly, to
attain highest possible strength. It will be noted that barium chloride
and calcium chloride gave these desirable results when used with port-
land cement. Under certain eonditions, soda ash, ‘h;ﬁrdrated lime, and
sodium hexametaphosphate are desirable admistures when used with
caloium=~aluminate cement. Other cements were tested but the results
were not conclusive,

Meny types of grout mixers have been used on grouting operationms,
including hand-operated machines, concrete mixers, and specially de-
signed grout mixers. Since hand-operated machines have limited
capacity and since concrete mixers tend to waste considerable grout,
the most satisfactory would be the specially designed mixer. Any
machine which has the desired capacity and which mixes the grout mechan~
ioally. until a uniform consistency is obtained is suitable. Manusal

mixing is not satisfactory except in an emergency.
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ADMIXTURE

1,

2,

3

4,

5.
6o

7.

Calcium chloride

Barium Chloride

Hydrate of lime

Soda Ash

Caustic Soda
Trisodium Phosphate

Sodium Hexameta
phosphate

7ABLE 2 (16)

SUMMARY OF TESTS USING VARIOUS ADMIXTURES

PORTLAND CEMENT

When used in quantities of one to one

and one-helf pounds per bag and a
cementewater ratic of 10 gallons per
bag, shortened hardening time 27 te
36 per cent,

When added in quantities of one te one
and one-half pounds per bag, shortened
‘setting time 18 per cent,

No affeot

No affeet

No saffect
No affect
When added in quantities of six

ounces per bag, increased hardening
time 200 per cent,

CALCIUM=ALLUMINATE CEMENT

No data available

No affect

Then added in quantities of six
ounces per bag, acted as accel-
erator, Five pounds per bag caused
ungoundness,

When added in qusntities of six
ounces per bag, acted as accelw
erator. Five pounds per bag caused
unsoundness,

No affect
No affect

When added in quantities of three
to six ounces per bag st temper-
aetures below 75 degrees Fahren
heit, proved to be a retarder,
Acted as accelerator when same
quantity was used between 80 and
90 depgrees F,

(16)0. 8, Bureau of Mines, Ibid,
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Figure 2 shows a small, 8 cubic foot capacity mixer used by the
Bureau of Reclamation on the Central Valley California project. This
light weight mixer can be easily set up and operated. It was constructed
at nominal expense, Figure 3 shows the mixer designed by the Bureasun
for the Hoover Dam project. This machine was operated by a 2,65 horse=-
power air motor. The air consumption was approximately 85 cubic feet
per minute. These illustrations and data give some idea of the various
designs and sizes of mixers,

It must not be assumed that the injection of cement grout under
pressure is an infallible insurence against all leakage., Although
grouting is sﬁccessﬁxl in most cases, many authorities prefer to view it

as a cure rather than a preventive measure, Acocording to Freeman, (17)

(17)Rreemn, M. H., Disoussion on the Astoria Tumnel, American Society
of Civil Engineers, Vol. 80, 1916, p. 677,

the following are the requisites for successful grouting:
l. An impervious bulkhead against which to grout.
2. A grout tank (or pump) pressure considerably above
- that of the rock pressure against which grout is
injected,

3s Adapting the consistency of the grout to the size
of the cavity,

While the pressure and mix used vary to suit conditions found on the
Job, they also vary within the limits set by the engineer responsible
for the operation. The pressure and mix used by one engineer mey bear
little relationship to those used by another engineer under similar
conditions. Other major points of difference include the positions of
the grout pipes in the hole, the use of a return pipe, and the time at

which grouting should stop.
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Grouting msy be sub-divided into stages, namely, single and multi-
stage. The single stage grouting process consists of injecting grout
into a hole until the hole refuses to take further quantities of grout,.
In the mlti-stage process, grouting does not stop with one injection;
instead, grouting continues day after Aay, or hour after hour, until
the hole is passed as tight. On some projects, as many as 10 stages
have been used, with each stage a litile more grout is forced in,

This system tends to overcome shrinkage. Multi-stage grouting has the
advantage over the single stage in that a complete seal is more likely
to be effected.

With the above points in mind, the actual grouting procedure
should be considered. Since the procedure for shaft sinking is similar
in most respects to the other grouting operations, it is felt that shaft
sinking would serve as a good example of this procedure, In this
example the shaft is to be sunk in stages,

Where water is present and the water level is kmown, sinking is
stopped at a distance 15 to 20 feet above this level, The grout holes
are started with a bit, the diameter of which is slightly longer than
the diameter of the pipe, The holes are drilled from 6 to 10 feet,

The pipes are caulked or cemented into place and tested under pressure,
This is done so that they will not be liftted or displaced during the
grouting operation, and it also serves to wash and clean the hole,

This same procedure may be followed upon completion of groubing to see
if the formations are thoroughly sealed. Each pipe is fitted with a
stop-eock and drilling is continued through the pipes. Boreholes have
been drilled more than 60 feet. These holes have been treated as one

stage., Grouting to great depths is uneconomical; effective grouting
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calls for shallow treatments.
When water is found, the drilling is stopped and the holes are
tested and washed, There seems to be some disagreement about the use

of air or weter for this test., Beanfield (18) states:

(18)Beanfie1d, R. McC., Technique of pressure grouting foundations,
Western Construction News, Vol. 3, No. 19, October 10, 1928, p. 636,

The use of water force in the hole is of questionable
value, as the water may form air or water pockets in the
voids and otherwise occupy the void space instead of the
grout, Air will certainly penetrate and clean better than
water,

Minear, (19) on the other side, says:

(lg)mear' V.L., 22. cito Pe 58

Some engineers question the use of water, particularly

in the case of tight rock, as the water f£ills the pockets

which would otherwise be occupied by cement. Om the other

hand, it may be maintained that under pressure the water is

forced into the rock pores; or if there is no escape of

water, there is no need of grout in that particular orevice,

All high pressure holes at Boulder Dem were pressure washed

with water or thin grout and the superiority of the former

for lecal conditions was definitely established.

After drilling is stopped, cement grout is forced in to refusal,
After sufficient time has been allowed for setting, the holes are
olesned. If water is still present, additional injections are made
until the water is sealed. The holes are deepened to a predetermined
distance and treated as already described, A second series of holes are
drilled and grouted in the same menner as the first., Figure 11 indicates
this method, In this way, work can be carried on contimously in either

of the series of holess As soon as both series of holes have been completed
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excavation is begun immediately and is continued to a distance of from

156 to 20 feet above the bottom of the treated section. Another section
is prepared for grouting following the procedure outlined above., This

method desoribed is commonly called the advancing method.

It has been found that the penetration of the grout is in a hori-
zontal direction rather than vertically downward, Therefore, the
bottom of the treated section is the bottom of the hole. The 15 to 20
feet allowed between the bottom of the excavation and the treated
section is a factor of safety.

There are two general methods of counnecting supply lines to grout
holes. The direct connection mey be made similer to Figure 4. In
this method, the supply line is comnected to the hols, There is ne
provision for a return line, The ciroulating system uses a return
line from the manifold to the agitator, as illustrated in Figure 5,
The pﬁmp is operated at a constant speed and the pressure is regulated
by valves at the manifold comnnection. This arrangement is useful in
grouting holes where the rate of penetration is low,

Chemicals

The choice of materials used in the chemical grouting processes
is dependent on the method employed. There are four major methods,
namely, Joosten, Francois, K. L. M., snd the Jorgensen processes,

The Joosten method uses solutions of sodium silioeLte and calcium
cshloride., The silicate solution is injected first and the chloride
solution second. When these sblutions come in contact, they react to
form insoluble calcium silicate and soluble sodium chloride, The
silicate which forms is a sticky substance which gradually hardens as

it looses some of the liquid. Upon further hardening, the mass becomes
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impermeable and the strength approaches that of sandstone.
The Francois process combines both cement and chemical grouting.

crawhall (20) states:

(zo)crawhall, Je 8., Tunneling a water-bearing fault by cementation,
Engineering News~Resord, Vol. 102, May 30, 1929, p. 874.

Whenever rock does not accept liquid cement readily,
(due to fine fissuration, sand filling the fissures, pores
or other causes), it is treated by chemicals. Under a
patented process, silicate of soda and sulphate of aluminum
are injected as two independent clear solutions; they meet
in the rock and form a colloidal precipitate which lubri-
cates the fissures with a jelly-like substance and, along
with the subsequent injected cement, sets and forms a
water~-tight £illing.

From a bulletin published by the U. S. Waterways Experiment Sta-

tion, (21) the K. L. M. process is explained as follows:

(21)8011 Mechanies Bulletin No. 9, U. S, Waterways Experiment Station,
Viecksburg, Mississippi, Merch 1939. p. 8.

The reagents used in the K. L. M. process include a
number of different metallis salts and acids. Demonsgtra-
tions are being made, for example, with sodium silicate and
a reagent consisting of copper sulfate and dilute hydro-
shloric acid. Use of the process is advocated for sands
where permesbilitites range from 0.1 to 0.0001 centimeters
per second.

Gutmann (22) saysg:

(22)Gutmann, I., Algerian rockfill dam substruotures, Engineering
News-Record, Vol. 120, May 26, 1938, p. 749,

The XK. L. M. process offers these distinot advantages
over the older methods: (1) the water glass and salt solu-
tions, pre-mixed and pre~treated, are injeoted simmltaneously
in one operation; (2) The time of set of the injected col-
loidel mixture can be regulated at will to occur at the énd
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of say, one minute, 20 minutes or 2 hours after it has
been prepared.

The Jorgensen chemical process, as given by the U. 5. Waterways

Experiment Station, (23) is as follows:

(ZS)U. S, Waterways Experiment Stetion, op. cit. p. 8.

The reagents used in this procedure are sodium silicate,
caleium chloride, and carbon dioxide gas. The use of this
process is recommended by the patentee for petrifying gran-
nular materiels and for strengthening weak rock formations,
The chemlocals are injected separately in two or three stages
depending upon whether the carbon dioxide is introduced with
the salt or separately. The gas is claimed to be valueble
in water-tight work, making the solidified mass denser,

It has been determined that the silicate of sode used in the chemi- -
cal grouting processes should have a density greater than 41 deg. Baume?
and a ratio of one part sodium oxide to not lesz than 3,22 parts silica.
For best results, the soil or rock to be treated should contain 20 per
cent or more quartz. This was brought out by tests conducted by the

Corps of Engineers, U, S. Army. (24) 1n these tests, sand, which

(24)rhe U. S, Bngineer Sub-0ffice Hydraulie Laboratory, War Department,
Corps of Engineers, U. S. Army, November 1937,

contained a high quantity of silicea, was treated. A sample of river
sand, when treated the same way, did not show appreciable bonding.
Small lumps of gel were found scattered in the spescimen, but otherwise
the material was just as plastic and sticky as it was before treatment,

In general, the following materials are suitable for chemical
grouting. (28)
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(zs)luedel, Ce M., Chemical joint sealing and soil solidification,
Engineering News=Reoord, Vol. 127, August 14, 1941, p. 77.

1, Loose, not too fine sand, dry or under water pressurse,
2, Layers of sand and gravel with a limit of elay content,
about 20 per ocent, since clay camnot be impregneted,

3. Other alluvial soils shown suitable by laboratory tests.
4. Quicksand, even under high water pressure.
5. Poor, pervious concrete or brickwork,

As slready pointed out, the main difference in the various
chemical processes is in the type of materials used to effect solidi-
fication. The method of sppliscation is much the same except that the
K. Lo M. process permits simultaneous injection of the chemicals.

Acoording te Jorgensen: (26)

(%)Jorgensen, L. R., Solidifying gravel, sand, and weak rock, Western
Coenstruction Hews, Vol. 6, November 10, 1831, p. 591,

The general procedure (Joosten Process) is to drive
the perforated pipe down into the material to be solidified,
say 20 inches; then pump the first solution (sedium siliocate)
into this layer; then drive the pipe another 20 inches and
inject chemical I and so on again, When the full depth has
been reached and all the solution I desired has been forced
in, the salt solution (chemical II) is injected in 20 inch
lifts, as the pipe is pulled out. The gel is formed immedi-
ately, but remains in such a condition for sufficient time
for the salt solution to penetrate to the outer strata,
there to find the atoms of silicate. Both liquids are
heavier than water, and have a tendency to displace all the
water in the voids of the gravel and reach rock bottom,
even if the end of the pipe dees not,

The solidified mass is water tight and insoluble., The distanoce

of penetration from the injection pipe depends on the size of the void
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spaces, The distance that the chemical grouts penetrates is directly
proportional to the pressure used,
Asghalts

Asphalt materials used for grouting are obtainable in several
verieties. They range from a thick fluid to a brittle or oxidized
grade., As a general rule, the best type of material is one which
stiffens after cooling, but does not become hard and brittle,

Asphalts are used where water is flowing through oracks and
orevices at a high velocity and at a high pressure, This material
will solidify enough to resist moving water, but remains soft enough
80 that continued pressure will expand the asphalt against the sides
of the cavity., The asphalt is injected hot and when it comes in con=
taot with water, the outside is cooleds Inside this covering, the
asphalt remains liquid. Contimed applieation of pressure tends to
£ill the cavity, After filling takes place, the asphalt is forced -
along the long dimension of the opening., When ths required section
hes been treated, the pressureVis reduced and the remaining liquid
asphalt is allowed to cool. The distance traveled by the asphalt is
dependent on the size of the opening, type and shape ef the cavity,
the grade of asphalt used, the amount of pressure applied, and the
length of time over which the pressure is applied, 7

There are three general methods used for asphalt grouting. The
first or Christians method uses an electrical resistance wire suspend-
ed in the injection pipe., When electricity is applied, the wire
becomes incandescent, the heat generated keeps the asphalt hot. Groute
ing operations, which have been stopped for a period of time, may be

resumed by applying & ocurrent to the wire a few mimutes before starting
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the pumps. Christians (27) states:

2
(27) onristians, G. W., op. oite p. 802,

By altering the grade of asphalt, adjusting the rate

of flow, controlling the temperature in the pipe line, oper-

ating intermittently and to determined pressures, it is

possible vo adapt the method to various local conditions

so as to obtain maximm results with minimum effort and

material,

The second method uses a ciroculating steam system to keep the
asphalt hot during injection. The steam unit is lowered into the hole
to be grouted; asphalt is forced in, This method is particularly
appliceble where it is necessary to fill large cavernous openings.

The Shell 0il Company, Incorporated, recently announced the use
of an asphalt-in-water emlsion in a methed for control of subsurface

seepage, This is being used under the trade name of "Shellperm®,

The following method of use is quoted from the Petroleum Refiner: (28)

(ze)ﬂndorground dam, Petroleum Refiner, Vol. 28 No. 3, March 1949,
A Gulf Publishing Company Publication. p. 114,

Shellperm is a process employing an emmlsion of asphalt-
in-water, whioch is pumped under low pressure through a metal
pipe driven into the ground. After the emulsion emerges from
the pipe, it spreads out roughly in the form of & ball., Then
chemicals mixed with the exmlsion cause the asphalt to coal-
esce and the resulting mass is impermeable to water,

When the first er bottom injection has been made, the
pipe is raised and additional shellperm pumped down to form
the second impermeable mass, Repeated injections produce a
vertical asphalt column. The pipe is then moved and ine
Jections made to form & second vertical asphalt column.

By repeating the process of building the overlapping or
abutting vertical columms, an impermeable underground dam
is formed.

Clays
The mest cemmon type of clay used in grouting is bentonite, Most
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bentonites have a strong affinity for water, absorbing from eight te
15 times their volume, Bentonite forms a plastic gelatinous mass which
regsembles soft socep, When it is agitated in water, it forms a more or
less permanent suspension. An electrolyte coagulates or flocculates the
suspension and bentonite settles out rapidly. These properties make
bentonite suitable for use as a grouting materiaml. From experience, it
has been determined that the clay used in grouting should contain less
than five per cent plus 200 mesh sand,.

Other clasys have been used for grouting. These materials must be
tested in a laboratory to determine if they are suitable, Tests were

conducted on clays to be used in grouting the Madden Reservoir (29) to

(29)Madden Dam Project, Alhajuele, Canal Zone.

determine their properties for use on this operation, Kellog (30) states:

(m)Kellog. Fo He, Clay grouting at Madden Reservoir, Engineering
‘News-Record, Vel, 109, No. 14, October 6, 1932, p. 396,

The objects of this group of tests were: (1) to determine
what type of clay mix would meke the best grout; (2) to note
the distance through which the grout would travel underground;
(3) to note the sizes and types of openings in the rock that
could be grouted; and (4) to check the efficiency ef the
methods used in stopping leskage,

The results of these experiments indicated that & pure
clay~-weter mix would serve the best, The best results were
obtained with grouts containing sbout 55 per cent water (by
weight)e The minimm distance underground through which
grouts of this consistenoy were seen to flow was 13 feet,

The maximum distance observed was 50 feet, Grouts containe
ing about 55 per cent water were found to penetrate seams
with widths as low as one~half inch,

The olay used,on,the Madden operation, according to Randolph: (31)
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wl)Randolph, E. S,, Sealing reservoir lekes with clay grouting,
The Militery Engineer, Vol. 28, No. 159, May-June 1936, p.209.

esofested out 26 per cent clay, 33 per cent silt, 41 per

cent fine sand, and between three and eight per cent was re-

tained on a Number 200 sieve. This material wes difficult

to break down from its natural compeoct form intc the coreamy

paste neéeded for grouting, but once this was done it remained

in suspension very well,

The injection of clay grout closely resembles methods used for
cement grouting. In genersal, holes are drilled inte the water«bearing
strata or sgtratum. The injection pipes are wedged and caulked inte
place, The grout is then forced in at the required pressure until the
hole refuses to take more grout. Pressure is maintained until the
grout stiffens, Pressure is released, and the hole is tested for leak=

age with water or air, If leaks are present, the process is repeated

until the strata are tightly sealed.

INJECTION

Drilling Patterns

In grouting operations, the first task is to drill the holes,
The patterns used in drilling will depend on the type of opening being
excavated, the type of material to be grouted, and the depth of the
rock or soil below the surface. The number of holes required may vary
from one to forty. |

There are various patterns, one of which mey fit the needs of the
project. In most cases, these patterns may be used interchangeably
for cement, chemical, asphalt or clay grouting with only small modifi-
cations,

Figure 6 illustrates the drill hole pattern for grouting s proposed
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Figure 6. Diagram of drilling paltern for grouting

TN

circular shoft.

www.manharaa.com




circuler shaft.. The broken circles indicate areas of influemce for
each hole, The number éf holes and the spacing between each hole will

" be determined by the porosity and the permeability of the formation,
The euter ring of holes is drilled first, If mofe holes mast be drilled
to completely stdp water seeépage, it is recommended that holes be
drilled around the periphery of the proposed shaft. This pattern is
used when grouting is completea before the sinking operations are begun,
The holes are drilled to full depth; @routing is then begun at the
bottom of the hole and, with the aid of paockers, each section is grouted
to refusal.. _

A modification of this method has been used as shown in Figure 7.
In this example, a single, large diameter hole is drilled from the
surface to the bottom of the proposed shaft. Using packers for-grout-
ing various sections, the operation is complete in a retreating mammere.

Packers, or expasnding plugs, are devices which are inserted into
holes for the purpose of localizing the applied pressure to certain
‘zones ﬁithin the hole, Several packers have been developed. They
nsuaily consist of a series of soft rubber oollafs moﬁnted on & pipe
with a device for expanding them against the hole to effect a seal,

A simple and inexpensive pecker which can be made in the field is
shown in Figure 8. It consists of leather cup washers and pipe fit-
tings as illustrated in the diagram, Packers of this type are satise
faoctory for hard rock where the hole has been drilled true. The
air-expanded packer, shown in Figure 9, is most applicable for holes
drilled untrue or in soft and/or broken rock. The rubber tube around
the grouting pipe is expanded by compressed air to form tightly in the

hole, thereby holding the grout pipe in its proper place,
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When & shaft is being sunk near a surface bedy of water, the
pettern is altered slightly. Figure 10 shows this pattern. In this
example, holes are closer together on the side nearest the water to
prevent seepage into the excavetion. A second series of holes may be
drilled as indicated on-Figure Ge

When a shaft is being sunk in steges, the grodting pattern most
applicable is shown in Figure 1ll. It consists of drilling e ring ef
holes around the circumference of the shaft at an angle giving a radial
pattern. A second ring of holes is drilled vertically downward. The
horizontal displacement of the radial pattern at the bottom of the
hole may be as much as ten feet, Since the water bearing strate may
be characterized by vertical, inclined, and horizontal fissures, drille
‘ing in this manmer mekes it possible to intersect these openings. This
allows the grout to emter these cavities to insure a cemplete grouting
operation. This type pattern may be applied to the square or rectangular
shafts as shown in Figure 12,

It should be noted that in the above examples, a drill hole is
always placed in the center of the proposed excavation. This hole,
besides being = grout hole, serves as a guide during sinking operations
to help keep the sheft vertical. The areas of influence shown on the
disgrsms are circular when a homogeneous mess is grouted. As this aresa
of influence for each hole will be determined by the types of meterisal
being treated, the pattern should be drilled so that the entire shaft
aree will be completely encircled by a ourtein of grout, Various
exemples indicate that the area of influence mey vary from = few inohes
up te several hundred feet, It becomes necessary to determine, by

borings, the types of strata beneath the surface, The most suitable

www.manaraa.com



=40-

Figure /0. Orilling pattern for circular shoft near surface

body of water,
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Frgure Il. Drilling pattern for shaft sinking in stages.
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drill for this type of work generally is the core drill.

Figure 13 illustrates a method of sinking a slope through water=
bearing strata. The slope is excavated in stages after each seotion is
grouted. The shaded areas indicate the materials soclidified by each
hole. As already pointed out, sinking a slope is more difficult than
sinking a vertical shaft in that a greater quantity of a water-bearing
rock and soil must be penetrated. A thick bed of this material would
delay operations considerable because it is necessary to wait after
each injection for solidification before advancing. Chemical grouting
offers the distinct adventage over cement in that chemicals can be
made to solidify almost immediately,

In grouting behind & shaft lining, access holes must be drilled
if they have not been left when the lining was placed. This is shown
in Figure 14, As already stated, low pressure mast be used so as not
to erack or 1lift the liner,

Figure 15 illustrates the method of drilling for grouting e water-
bearing stratum above a drift or entry. The grouting operation in
openings of this type is usually cearried out ahead'of the excavation.
When the water is found beneath the drift or entry, holes are drilled
ahead at a downward esngle with the floor, If water is found on the
same level as the heading, horizomtal holes are used for grouting ahead
of the excavation. The angle indicated in this diagram is plus or mims
15 degrees and is determined by the condition found at the place of
excavation, that is, when the stratum is thick, a greater angle should

be used and when the stratum is thin, a lesser angle is used,
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Number of Holes Required

As stated previously, the spacing and number of bore holes needed
for any grouting operstion depends on the type or material being treated,

Biandford (32) writes:

(Sz)Blandford, T., The process of cementation, The Iron and Goal
Trades Review, Vol., 136, March 18, 1938, p. 477.

The number of boreholes required to complete shaft cement-
ation in advance of sinking varies considerably, and is cone-
trolled entirely by the nature and disposition of the fissures
in the ground together with the diameter of the shaft concerned.
For example, in a five foot diameter shaft, certain non-porous
stratum mey be efficiently treated by means of six to eight
holes, whereas for the same shaft under different conditions
it may be necsssary to have 12 to 14 holes, and again, in
porous rock it may be necessary to have 35 to 40 holes for
efficient treatment in an 18 foot shaft,

Methods
Three methods are used te inject grout. These are listed as

follows:
1. Retreating method
2. Advancing method
3. Entire hole method

The retreating method was discussed when eonsidering Figures 6, 7,
and 10 on pages 34, 36, and 40. The advancing method was discussed
when considering Figure 11 on page 41.

When grouting large openings, the entire hole is sometimes grouted,
and, in such practices, the hole is drilled to full depth and a stand-
pipe is caulked into placs, Grout is injected through the full depth
of the hole to refusal. This method is not as effective as the other

due
methods becauss of 1loss of pressurepto friction in the hole. 4s a
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consequence, the reduced pressure deeper in the hole results in lesser

penetration of the grout into the surrounding rock,

PRESSURES

Amounts Regquired

The determination of the correct or efficient groubing pressure
is a difficult problem. Ordinarily, grouting pressures vary from 30 to
500 pounds per square insh, but pressures of several thousand pounds
per square inch have been used, The maximum pressure is dependent on
the character of the material to be grouted. The preﬁsure should not
be great enough to 1ift or disturb the natural formation, but greater
penetration can be obtained by inoreasing pressure., Thus the deeper
the hole, the greater the pressure, The minimum pressure should be
limited to that necessary to maintain even flow of grout end prevent
plugging of holes, It should be great enough to overcome the water
head against which grout mst be injected, The hole should be filled
in the shortest possible time. Alternate drilling and gréuting permits
higher ultimate pressure than one injection at the full depth of the
hole.

There are no definite rules which can be used to determine the
effective grouting pressures. The highest possible pressure consistent
with safety should be used. Low pressufes are limited to thin beds.
In grouting thinner beds, high pressures will rupture and displace the

strabum, High pressures can be used in thicker beds. Denholm (33)

(33)Denholm, E. W, Pressure grouting: Some notes on standard practice
The Surveyer, Vol. 103, No. 2724, April 7, 1944. p. 165,

www.manaraa.com



40~

offers the following rule which may be used for pressure cement

grouting:

As a rough rule in normal rock, pressure in pounds per
square inch is equal to 1% to 132‘ times the depth in feet
would generally be considered safe, which in rock lying
in massive layers or at depths over 100 feet, this figure
could in most cases be increased by from 25 per cent te
50 per ocent, :

This rule, as stated, is approximate and may not always apply. It
may be used if there are no other criteria for determining what
pressure to use,

Pressure is an important comsideration of grouting, Experience
and judgement of the persoﬁnel on the job are two factors which will
help make grouting‘a success.

Methods of Applying Pressure

The pressures used in grouting are obtained by pumps, pneumatic
pressure injectors, and gravity. The most common type of pump employed
in grouting is the double-acting slush pump, which is shown in Figure
16, This pump is made in a number of sizes and with capscities which
vary from 20 to 100 gallons per minute and capable of pumping against
pressures from 200 to 500 pounds per séua.re inch. The driving power
of these pumps may be supplied by steam, air, gasoline, or electricity,
Pumps of this type are used for cement, chemical, asphalt, and clay
grouting eperations.

Pneumatic pressure injectors are essentially pressure chambers
fitted with valves for admission of compressed air end discharge of
grout, These machines are usually designed to operate against at
pressures less then 100 pounds per square inch. Where greater pressures

are needed, some other injector is used.
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Gravity is sometimes used to inject grout, particularly a cement
grout. This type of injection relies on the welght of a colum of grout
to apply pressure to the grout, Teble 3 shows the weight of & colum
of cement grout one inch square and one foot high; From this table th;
effeotive head can be computed,

Pumps are the most common means of applying pressure on grouts,

Lewis (35) says:

(35)1‘3'“'13. de Ses Jro, _92. eit, Pe 701.

The value of a pump for handling grout, as compared with
compressed air chamber, is great., The pumps affords additionsl
mixing of the fluid and makes possible a flexibility of comtrol
and continnity of flow that is not obtainable with the pneumatic
machine., However, the pneumatic machine is superior for hand-
ling grout containing sand or sawdust or other coarse materials
which are sometimes injected into large openings.

Hayes (36) says:

(&)Hazes, Je Bs op. cit, p. 31l.

Unless extreme care is used, the air-pressure method is
apt to force air into the seams if the grout flows faster
than expeoted. MNoreover, in some types of air-injection tanks
the cement in a thin mix will settle to the bottom and plug
the outlet, the pipe line, or the hole, before the job is

really complete.

OTHER EQUIPMENT USED IN GROUTING

Cement Grouting Equipment

Pressure csment grouting is used on large jobs taking many thousand
of sacks of cement or on small jobs using only a few sacks. In the
above example, the equipment required would be guite different. The

following 1ist would be used on both large and small jobs:
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TABLE 3 (54)

UNIT WEIGHT OF VARIOUS MIXES

WATER-CEMENT RATIO UNIT WEIGHT
(By Volume) (In Pounds)
0.75 0,798
1.00 0,736
1.25 0,692
1.50 0.660
1,75 0.634
2.00 0.614
2425 0.598
2450 0.584
2,75 0,572
3.00 © 0.562

(34) Minear, V. L., Use and Technique of Pressure Grouting in the
Construction Industry, Symposium on Grouting, A. I. M. &,
Technical Publication No. 3427, 1948. p. 4.

TN

www.manharaa.com




=53~

l. Water meter
2, Agitator sump

3. Air supply

4. Water supply

5. Pressure gages

6. Conduits or pipe and fittings
7. Valves

8. Hose

The oconsistancy of the grout used on any grouting job is very
important. By use of a water meter, close control can be obbained in
mixing the grout. A water meter that has proved highly satisfactory.
is a 1 to 15 inoh single disc type threaded for a pipe comnection,
This type has a six inch vertieal register with two hauds, & long hand
which makes one revolution per cubio foot and a short hand which indi-
cates 10 oubic feet per revolution. If sand and rock particles are
present, it is necessary to provide some filtering device to remove
them before they enter the meter. A water meter reading may be cen-
verted using Table 4,

After the grout has been mixed, it should be sgitated contimuously
to prevent settlement while it is being pumped. This is accomplished
with the use of an agitator similar to that shown in Figure 17, For
snaller jobs, a simple arrangement of e barrel and a sump pump can be
used to provide this agitation. The sump pump is comneoted in a closed
circuit with the barrel, The grout is kept agitated by operating the
pump. In any case, the agitator should have a capacity at least as
large as the mixer,

An adequate air supply is necessary to complete a successful
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TapLs 4 (37)
WATER-CEMENT RATIOS OF VOLUMETRIC
GROUT MIXES
WATER-CEMENT RATIO Gallons of water per Cubic feet of water
(WEIGHT) sack of cement per sack of cement

0.27 3.0

0.33 0.5
0.36 4,0

0.44 5.0

0.45 0.67
0.49 5.5

0.50 0.75
0.51 5,75

0.53 6.0

0.62 7.0

0,66 1.00
0.71 8.0

0.83 1.25
0.89 10.0

0.99 1,50
1.11 12,5

1.16 1,76
1,33 15,0

1.66 2,50
1.78 20,0

1.99 3.00
2.22 26,0

2,66 ' 4.00
2,66 30.0

3.32 5.00
3485 40,00

3.98 6.00
4,44 50,00

4.65 7.00
6.64 10.00
13028 20'00

(37)U. S. Bureau of Reclamation, Teshnical Memorandum 638, "Pressure
Grouting Equipment", by A. W. Simonds, Page 38,
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grouting operation. The actual requirement will dépend on the type
equipment to be used. The following quantities of air at 100 pounds
per square inch should be considered as maxima for ordinary grouting

when air-driven eguipment is used: (38)

3
( 8)Si.mr.mchs, A. W., Pressure grouting equipment, U, S, Bureau of
Reclamation Technicel Memorandum 638, p. 14.

l. One 6 x 25 x 6 inech pump, one 7 ocubic foot mixer,
one 7 oubic foot agitator will require 200 cubic
feet of air per minute,

2. One 10 x 3 x 10 inch pump, one 17 cubic foot mixer,
one 17 cubic foot agitater will require 300 cubic
feet of air per minute for an average hole. For a
fast hole at low pressure, the consumption may reach
600 to 800 ocubic feet of air per mimte,

3. One 10 x 3 x 10 inch pump, one 27 cubic foot mixer,
one 27 cubic foot agitator will require 300 cubise
feet per minute for an average hole. A fast hole
at low pressure may require 800 to 1000 cubic feet
per minute,

An adequate water supply 1s necessary in all gfouﬁing operations,
If the water contains trash or sand, some filtering device should be
installed. Large amounts of these materials have a harmful affect on
the strength properties of the ocement after hardening.

Reliable pressure gages are essential in pressure grouting, A
pressure gage is the best indicator to the cass of penetration of the
grout and the stresses which may be set up in the structure being
grouted, -

For ordinary grouting, 1 to 1% inch pipe and fitting ere satis-
factory. Grout can be pumped long distences through supply lines of
this size, Larger sizes than 1% inoh pipe allow more grout to be pumped

but this advantage is offset by additional cost. Larger sizes of pipe
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are also proportionally harder to handle.

Brass globe valves should be used for pump throttles., All other
valves should be quick-acting, lubricated plug valves. These valves are
made in different weights., They are designed to withstand the different
pressures at which they might be used,

The pump suction hose should be between 2% and 4 inches in diameter
and about five feet long. When grouting through a hose care should be
taken not to exceed the safe working pressure. A hose may be reine
forced somewhat by wrapping with telephone wire,

Chemical Grouting Equipment

The equipment used in the chemical grouting processes is dependent
on the method employed. Schematically, Figure 18 illustrates the equip-
ment used in the Joosten process. The pumps used in these processes
are the same as those used in cement grouting, The Joosten, Jorgemsen,
and Francois processes require two mixing tanks, since the chemicals
are injected separately. The K. L. M. process requires only one tank
because the chemicals are mixed and injected at the same time. Barrels
of 50 gallons capacity have been used as mixing tanks, The valves and
holes used are the same as the type used in ocement grouting. The
injection pipe, often referred to as a needle, is between 15 and 30
feet long and made of strong one inch steel pipe. The lower 20 to 24
inches of the injection pipe is perforated with 0.08 inch holes., When
chemicals are being used to treat loose, unconsolidated material, a
steel point is attached to the end of the injection pipe to facilitate
driving, The steel point is not used on the grout pipe when solidifying

oracks and cavities in solid material,
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Asphalt Grouting Equipment

The equipment required in the Christians process is relatively

simple and inexpensive, Christians (39) saysi

(39)christians, G, W,, op. oit, p. 801,

A heating kettle for melting the esphalt, and a small
adjustable-stroke piston pump driven by a one horsepower motor
are all that is required for handling the asphalt to the pipe
line, The pipe is usually 13 inch, extrs heavy throughout the
upper portion, while that im the crevice bearing rock is 1%
inch standerd-weight pipe perforated by 3/4 inch holes. It
is heated by an iron resistance wire which enters through an
insulated stuffing bar at the top and is held in the center
of the pipe by suitable insulators at the pipe couplings and
fastened eleotrically and mechanically to the pipe at the
bottom. The electric eircuit passes down the wire and back
up the pipe. The wire is kept taut by tension springs at
the bottom. ‘

The steam~heating system equipment is muoch the ssme as that in
the ebove process. The difference is in the heating method, In the
Shellperm process, equipment similar to that employed for chemical
grouting processes is used to place the asphalt-in-water emulsion.

Clay Grouting Equipment

The equipment used in reservoir grouting is determined by the
scope of the project. The colloidal suspension must be pumped through
a pipe line to the area to be grouted and discherged to the bottom of

the reservoir. The pipe line used on the Chenery Reservoir (40) was

(40)Lee, Co H. Sealing Chenery Reservoir, Western Construction News,
Vol, 5, December 15, 1930, p. 624,

four inches in diameter. In soms instances when only & small area is
to be treatedypthe,clay is carried by boat to the area to be sealed and

dumped into the water,
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According to Randolph, (41) the equipment used on Madden Dam project

4
( I)Randolph, E. S., Op. cit. p. 210-212,

consisted of:;
| l. Mixer
2. Soreen
3, Pump
4. Air Compressor
5. Water Supply
6, Connections and fittings

The mixer used was built especially for this operation. It consisted
of a stirring and chopping loops rotating in opposite directions to mix
and stir the grout. This was dome until the clay grout reached a uni-
form consistancy. The capacity was two cubic yards,

After mixing, the grout was discharged onto a % inch soreen to
remove the lumps which might be present. These lumps were saved and
remixed with the next batch,

Three types of injectors were used on this operation. A compressed
air chamber was used for low pressure grouting. This was opersated at
100 pounds per ‘square inch., Pressure up to 150 pounds per square inch
was obtained with the use of an ordinary slush pump. For higher pressures
up to 30C pounds per squere inch, a specially designed, single-acting
rem pump was used. This pump had a cepaecity of 1% cubic yard per hour,

The compressor was a portable plant furnishing air at 100 pounds
per square ineh. It had a capacity of 220 cubic feet per minute, The

weter supply was obtained from a nearby stream. It was used both for
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mixing the grout and general washing and cleaning purposes,
. The injection pipes were the same as in pressure cement grouting.

The manifold hook-up was like that shown in Figure 4,

SPECIAL GROUTING METHODS

Carbon Dioxide Pressure Method

The Bureau of Mines used a new approach to pressure cement grouting

by utilizing carbon dioxide gas under pressure to inject grout .(42)

(42)painter, S. L., Grouting diamond drill holes st the Christman mine,
Gila county, Arizona, U. S, Buresu of Mines Reports of Investiga-
tions 4559,

Figure 19 illustrates the equipment used,

A thin mixture of cement wes poured into the hole to be grouted,
A mixture of drilling mud, weighing nine pounds per gallon, was poured
on top of the cement, The carbon dioxide cylinder was connected to the
stendpipe as shown in Figure 19. Pressure was gradually applied.
Aftter the pressure reached a maximum, the valve was closed. The pressure
gradually reduced to about 100 pounds. At this point, the remaining
gas was bled off.  The hole was immediately refilled with drilling mmd.
The pressure was applied. This pressure was equal to the maxlnmm from
the first run plus 20 pounds per square inch, This pressure was main-
tained until the cement hardened,

Bentonite~Petroleun Grouting Method

Investigation has pointed out that bentonite mixed with gasoline
and of.her petroleum products does not swell, When a mixture of this
type comes in contact with water the water displaces the petroleum end

the bentonite begins to swell. The Bureau of Reclamation investigated
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this subject and reported the following findings: (43)

43

( )Grouting with bentonite mixed in products of petroleum, U. S.
Bureau of Reclamations Laboratory Report No. C-229, January
27 » 1944, Pe 4,

L. A grout can be made from bentonite and any one of
8 zumber of petreleum oils. This grout will not
swell until it comes in contact with water. Upon
conteact with water, the water displaces the oil and
swelling takes place, The rate of swelling depends
upon the thickness of viscosity of the oil.,

2. The flow of underground water in eertain porous fore
mations can be sealed by proper application of
bentonite-oil grout. Whether the use of bentonite-
0il grout would be applicable to any given grouting

problem in the field may only be ascertained by
actual trisal,

3. Bentonite-oil grout will not penetrate water~besring
sand for any appreciable distance. Twelve inches
was the maximum depth obtained in leboratory test.

4. 01l in bentonite-oil grout attacks rubber sealings,
pistons and other parts in a grout pump and will
render such parts useless with prolonged usage.

6. The bentonite-oil grout should be plaged as rapidly
as possible so that the grout will be feorced inte
the cavities befere the 0il is washed away from the
bentonite, The equipment should be of sufficient
capacity for rapid injection,

Table 5 surmarizes the test conducted by the Bureau of Reclamation
and it should be noted that oil-bentonite grout was effective on aggre-
gate of plus 5/8 of an inch. The penetration of the grout in sand was
ineffective, The vold spaces in this material were too small and
filtered the hentonite.

The proper proportions of oil to bentonite will depend upon the
grouting eonditions. It was found that the ratio of o0il to bentonite

could be as low as 0.60 to 1,0 by volume before the grout became too
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TABLE 5 (%4)
PETROLEUM~RENTONITE GROUT TESTS

Test mun __ BSize of  Oil Used M Grouting  Grouting Head of  Results
Number Aggregate 0il to Bentonite Method - Pressure Hp0 in
(pounds)  Feet
1 3/8".3/4"  Fuel 01l 1:1 pump 20 116 Bentonite fails
to stop flow of
water,
2 3/8".3/4"  Kerosene 1:1 pump 20 116 Flow of water
was not stopped
3 #2-3/8"  Fuel 011 1:1 pump 20 7 Flow wes almost
completely
stopped
4 3/8"=3/4"  Kerosene 1:1 pump 20 7 Flow completely
stopped
5 Hre-#a Fuel 0il 1.5 1 1 pump 30 7 Grout did not
penetrate sand
approximate pene-
: tration 8 inches
6 3/4"-1%"  Kerosene 0.7 : 1 Pressure tank 20 7 Bentonite stopped
flow
7 F16~H4 No. 10 oil 0.8 : 1 Pressure tank 30 7 Did not stop flow
Penetration
approximately 12
inches

(44) Adapted from Us S, Bureau of Reclamation Laborater Report No. C=229, p, 5.
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thick to pump. Swelling begins immediately in the ease of gescline
and fuel oil and is proportionally ~alewer as the oils become thicker,
This would indicate that gasoline or kerosene would be better in large
open formations and the heavier oils would be better in tighter forma-
tions and where it was desired to pump the grout for some distance
through water,
SUMMARY

Cement grout is the most widely used material in grouting. fhis
grout is appliceble to fissured or faulted rock or solid strate where
void spaces are large enough to permit the cement particals to enter,
Cement grouted soils and structures offer high strength after herdening,
This type of grout is not as applicable as asphalt is in flowing water,
Considerable cement grout is washed awey before the voids can be plugged.

Chemical groutizig is most applicable in loose unconsolidated soils
with & permeability of not more than 0.1 or less than 0,0001 centimeters
per second. The s0il to be solidified by this method should not combain
more than 20 per cent clay.

Asphalt grouts are applicable to large openings espeoially where
water is flowing at a high velocity. The smellest opening which can
be sealed effectively is % inch, The most suitable grout stiffens
rather than hardens to brittlencss,

Clay grouting is used where & material is needed to fill seams
in which water is not flowing, Clay offers little resistance to erosion
by water, It has been used in place of other materials, when clay was

close at hand and thus considerably cheaper to plaoce.
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FREEZING

Introduction

The freezing method is essentially a process used to solidify
water-bearing soilg and rock by solidifying the water contained in these
materials, The greatest use of freezing is in hardening water-bearing
materials to permit the sinking of shafts, This method hess been used
also for stabilizing landslide areas and loose earth around excavations,
The use of freezing in the construction industry has been small, but
its use appears to be inoreasing,

The freezing method hes been used infrequemtly in the Unmited
States, but hes been widely used in England and on the Continent of
Burope. Recently, freezing wes used in England to penetrate heavy
flows of water overlying cosl formations, Using this method, previously

inaccessible coal has been developed into minable cosal. (45)

(%)Refrigeration permits mine shaft sinking, Refrigersting Engineering,
April 1948, p. 336,

In writing about the @ilbertsville Dam of the Tennessee Valley

Authority, Gough (46) states:

(%)Gough, He B. A wet shaft frozen tight, Engineering News-Record
Vol. 122, No. 19, Msy 11, 1939. p. 74.

Seepage troubles, eonsidered impossible to meet by
other methods that permitted the purposes of the shaft to
be served, were completely overcome by freezing,
The freezing method gemerally,consists of drilling holes through
the materiel te be frozen. Into each hole are lowered two concentric

pipes, The imternsl pipe carries the cooled liquid down to the bottom
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of the hole. The liquid is dischargeﬁ into the larger pipe and is
returned to the surface through the annular space between the pipes,
By cooling the circuleting liquid, heat is removed from the ground
around the freezing pipe. The circulating liquid is cooled by e com~
mercial refrigerating plant. The depths which have been frozen vary
from 30 to over 2000 feet. The process becomes uneconomical if used
to greater depths, because of the excessive cost and the long period
of time required to freeze rock and soil,

Freezing Methods

Ackerman and Locher (47) in writing about the freezing method, as

(47)Aokernnn, A. J. and Locher, C, J., Construction plenning end plant.
First Edition, McGraw-Hill, 1940, p. 220,

it was described in The Engineer, London, May 19, 1939, write:

Two processes are now available for freezing ground,
The Poetsch process and the Dehottay process., In the former,
ammonis is generally used as the refrigerating fluid; this
is confined to the primary circuit and is used to lower the
temperature of a calcium chloride brine which circulates con-
tinuously through a refrigerating chamber and themce through
pipes installed in four holes sunk at about 3 ft, inmtervels
into the strata to be frozen. Although this process has long
been used, it heas several weak points., It is slow and cone
sequently expensive; also the power consumption is high.
Should a freezing pipe break and brine escape from it, a body
of ground will be formed which it will be impossible teo freeze,
and to remedy this condition will be difficult. The more
recently introduced Dehottay process claims to have evercome
certain of these troubles., In it carbon dioxide is used as the
refrigerating fluid, the brine circuit is done away with, and
the carbon dioxide itself circulates through the freezing
tubes in the four holes. In this way the power required for
the circulation of the brine is saved, the exchange of heat
between the ammonia circuit amnd brine circuit is eliminsted,
and dangers due to leakage of brine are avoided, escape of CO2
having no ill effects on the ground,
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Equipment Used

The equipment necessary to freeze strate are listed as follows:
l. Refrigeration unite.
2. Refrigerant,
3s Freezing tubes,

Refrigeration Unit

Biquet, (48) writes:

(48)Biquet, M., Freezing process ensbles lessees to sink shafts in deep
marsh land of North Belgium, Coal Age, Vol. 26, No. 23, June 5,
1924, p. 832,

The refrigerating machines most commonly used are those

that are based on the evaporation of a liquefiable gas, such

as emmonia, carbon enhydride, sulphuric enhydride, or a methyl

chloride, ammonis, and carbon dioxide being those most generally

used.
The gases are compressed and liquified in the condenser. The heat of
compression is removed by a continuous stresm of water rumning over the
condenser coils., The liquified gases are passed through the freezing
coils and the refrigerant is eirculated over these coils. The liquified
gases are allowed to vaporize in the vacuum meintained by the gas ocom~
pressor. As these liquified gases evaporate, they absorb heat from the
refrigerant thus cooling the refrigerant to the required degree. The
refrigersnt ebsorbs the heat from the underground strate., These strata
are gradually cooled until they reach the low temperature of the re-
frigerant,

The refrigerating plent may consist of a number of components to
give it the desired caspacity. As an example of a refrigerating unit

with a given ocapacity, Skerret (49) writes:
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(49)Skerre‘b, R. @., How Antwerp is building two tunnels under the Scheldt,
Compressed Air Magazine, Vol. 37, November 1932, p. 3965,

The refrigerating plant for the western ventilating shaft
consisted of two ammonia compressors, eight evaporaters, one
condenser, two brine pumps, and two circulating pumps. Its
capacity was equivalent to 90 tons of ice per hour at a tempere
ature of 4 deg. below zero Feshrenheit,

Refrigerant

The refrigerant, or brine, most commonly used is a 25 per cent
solution of calcium chloride which solution freezes at approximately
30 degrees F. below zeros, Magnesium chloride is sometimes used instead
of caleium chloride, because it precipitates less at low temperature
and, therefore, does not clog the circulating pipes. One of the prime
requisites of the refrigerant is that it does not freeze at the low
temperatures produced by the refrigeration unit.

The Dehotiay process, as already indicated, combines the refrigerant
end the refrigerating unit by circulating earbon dioxide through the
freezing pipes. This eliminates the brine circuit and reduces the
amount of equipment needed and the power consumption of the refriger-

ation unite

Freezing Tubes

The freezing tubes are made up of two concentric pipes. The outer
pipe is closed at the bottoms. The inner pipe is open at the lower end
which is about 8 inches above the closed end of the outer pipe. The
diameters of the two pipes vary with different operations. The diameter
of the outer pipe varies from two to eight inches. The smaller pipe is
one inch or more in diameter., Figure 20 illustrates this arrangement

in schematic diagram,
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Figure 20. Schematic diogram of freezing Ibba.
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The ratio of diameters of the pipes that make up the freezing
tubes must be such that the circulating liquid flows down the center
pipe rapidly and up through the annular space more slowly, There is
no exact rule for determining the rate of flow in these pipes. The
velocity down the smaller pipe is two or more feet per second, The

return flow is usually between 0.9 and 1.5 feet per second. Gough (50)

(50)Gou§h, H. _}_3_., op. cit. p. 76,

writes:

Another improvement would be to chenge the dimensions of
the vertical freezing pipe assemblies themselves, substituting
a smaller diameter pipe for the 1 in. intake and a larger
dismeter for the 2 in. outlet casing. This rearrangement would
cause the incoming cold brine to travel with greater velocity
and reach the bottom of the freezing pipe more quickly, with a
consequent reduction in heat transfer from the warmer outgoing
brine to the ineeming brine through the pipe. Thus the incoming
brine would be colder when it reached the bottom, and its
effectiveness at the lower levels increased,

It may be found that uwsing whatever pipes are available may save
time and money. In discussing the construction of the Grand Coules Dam,

Froage (51) writes:

(51)Fraage, L. V., Frozen earth dam at Grand Coulee, Mechanical Engin~
eering, Vol. 63, No. 1, Jenuary 194l. p. 10

Pipe sizes of 1%' and 3 inches were selected because they
were used in large quantities throughout the project and would
have meximum salvege value,

The pipes used in the freezing process should be made of a metal
capable of resisting the changes of temperture to which they are sub-
jected. It is necessary that all joints be tighte If brine leaks into

the soil to be frozen, this soil will be difficult to freeze,
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Initial Preparation

The initisl step in a freezing process, for shaft sinking, is the

investigation of the strate to be penetrated, Biguet (62) writes:

(52)Biquet, M., op. oit. p. 851

Preliminary to the initiation ©f the freezing process, a
careful study is made of the strata to be penetrated: (1) with
regard to their nature because the freezing is transmitted
differently in different strata, (2) in respect to the water
in the strata encountered, which may be standing or gushing,
and either fresh or of varying degrees of salinity, and (3)
with regard to the permeability of the surface layers.

From study (3) in the above quotation, it should be possible to determine
if the excavation can be started before the freezing process is begune.
Several advantages are realized if excavetion of the shaft is ocarried

out to the water-bearing strata before freezing is started. Biquet (53)

(53)giquet, M., Ibid.

lists them as follows:
1. A reduction in drilling.

2. A diminution of the cold necessary for that part of
the shaft that is driven without freezing.

3, A saving resulting from the greater facility of work
at the surface, the distributing equipment for the
brine being placed in this foreshaft.
If it is not possible to sink a foreshaft, it becomes necessary to
drill the holes to full depth and freeze this depth before begimming the

shaft excavation,
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Drilling the Holes

The number of holes required for the process is dependent on
several factors. The depth to be frozen will affect the size of the
circle along the circumference on which the holes are to be drilled,
The spacing of the holes depends on the ease with which the ground is
frozen. All meterials do not freeze at the same rate, According to

Landgrauber (54) 3

(54)Landgrauber, F. W., Froezing sands, Refrigerating Engineering,
vol. 13, NOO 8. Febma-ry 1927. p. 263'

Quicksand freezes most readily, olay soils less so; brown
coals set up a serious obstacle, being poor conductors. Soils
conbaining sends also freezes into the most solid wall.
If the ground does not freeze readily, the distance between the holes
mst be decreased,

Shafts sunk by the freezing process are usually circuler in shape.
The redius of the circle on which these holes are drilled is equal te
the radius of the shaft plus from 2 to 15 feet., Figure 21 §hows 8
plan view of the drilling pattern for freezing,

It is very important that all holes be drilled vertical so that
the frozen area will be a predetermined thickness; otherwise, there will
be places where the shaft probtection will be inadequate, If some of the
holes are not vertical, it is the usual practice to redrill them so that
the spacing underground will be the same as the surface spacing,.

In drilling the holes, it is usually necessary to oase them as the
drill penetrates to the required depth. The hole should be large enough
to permit the casing to be placed. The casing should be large enough

to permit the freezing tubes to be placed, In other words, the size of

www.manaraa.com



=T

Shaoft radivs

Figure 21. Plan view of drilling pattern for freezing.
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the bit used in drilling will be dependent on the size of the freezing
pipes used. In most cases, the holes are drilled 10 feet inte the
solid rock which underlies the msterial to be frozen. This insures
freezing to the full depth of the hole,

Freezing the Strata

After the holes have been drilled emd the freezing tubes have been
placed, the refrigerating plant is comnected to these tubes. As soon
as all connections are completed, the plant is put in operation,

When the plant is started, the temperatures of the rock and soil
fall rapidly. This is due to the large differential temperature betwsen
the refrigerant and the soil and rock which are being frozen, Months
are often required to freeze this material, The freezing is not uniform

aleng the freezing tubes. Biquet (55) states:

(55)Biguet, M., op- cit. p. 832,

The theory of M, Lebreton proves that, other things being
equal, the cross-seotion of the ice wall formed around the pipe
will assume the shape of an ereot cone, of a oylinder, or ef an
inverted cone, according as the depth to be frozen is equal to,
less, or greater than the theoretieel depth, which depends on
the following elements; The thickmess of the inner pipes,
their diameter, the conductivity of the metal, the quantity of
salt solution in eirculation at any time, and finally, the
specific heat eof the brine, Imversely, the depth being given,
the form of the ice wall will depend on the elements that have
Just besn enumerated,

With the aid of Lebreton's theory, the shape of the ioce
wall may be calculated, Consequently, knowing the quantity
of water contained in the ground (or assuming it epproximately)
the number of necessary units of freezing for the formation
of this ice wall can be deduced; but it is necessary to remember
that all the cooling does not result in the formation of ice,
At each level, the temperature decreases progressively from
that of the natural ground to that of the brine returning in
the freezing pipe.

Taking inte account, also, the losses due to radiation in
the brine pipe, between the central refrigeration plant and the
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shaft to be frozen, the total units of freezing that must be
employed can easily de deduced. On ascertaining the length of
time required to form the ice wall, we find the degree of
refrigeration per hour that is required.

Froage (56) suggests a method of estimating the spacing of freezing

(56)Froage, Le _‘_‘:., op. cite pp. 10-11,

tubezs. He writes:

Since the capacity of the refrigerating plant determined
the time estimated for freezing the arch at 20 days, the spacing
of the refrigerating points was ealculated on this same basis.
Although no data were available which applied directly to the
time required for freezing of earth, the following formala for
freezing of large sheets of plate ice was selected as being
applicable because the thermal conductivity of the ice and of
a wide variety of mineral matter is almost identical,

%& = freezing time, hr.
where t equals thickness of frozen material, in.
T equals temperature of brine, (57)aeg. F,

(57)Motz, We He, A lecture course on the principals of refrigeration,
Nickerson end Collins Company, Chicago, Illineis, 1822, Leoture
11, Pe 210

By assuming the temperature of the brine and estimating the freezing
time, it is possible to solve for the thickness of the frozen sarth.
The distance between the tubes would be twice the value of this
thickness,

During the freezing process, it is necessary to determine when
the area to be penetrated is enveloped by the ice wall, A bore hole
is drilled in the cemter of the shaft site into which no freezing pipe
is insgerted, Variations in the temperature and level of the water in

this hole indicate the progress of the freezing, When the ice wall
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has completely enveloped the shaft area, exca_.va‘bion‘is started or oone-
tinued, Either light blasting or hand exocavation should be used in
excaveting ground treated by the freezing process, Heavy blasts will
rupture the ice wall and permit water to drain into the excavation,
Thawing
After the excavation has been completed and lined, it is necessary
to thaw the frozen zone. The lining must be caulked to stop any leaks
that show up as thawing progresses,
There are three general methods of thawing, They are:
l. Gradually increasing the temperature of the circulating
brine, This is the reverse process of freezing,
2. Filling the excavation with water,
3a Aerating the exeavation,

Another method was suggested by Froage (58) which was used on the Grand

(58)Froge, L. V., op. cit. p. 13,

Coulee Dem, He writes:

Steam hoses were inserted in the 1} inch inmer pipes and
pushed to the bottome The hoses were securely tied in plsce
and steam at full boiler pressure was turned on., In the process
of thawing, many of the pipes were fractured at the coupling,
but they usually held together so that the entire point ceuld
be recovered., The bresking of pipes during thawing could be
avoided by inserting the steam hose in the 1%— inch pipe very
slowly and thawing the pipe loose progressively from the top,
but as speed was imperative and the breaking of pipe was not
important so long as it could be recovered, this thawing
procedure was not used,

Summary
The freezing process 1is used mostly in shaft sinking operations,

The process is expensive and time consuming, but is appliceable where
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other methods of stabilizing soile are not effective and camnot be
usede

The method offers several adventages., It is not affected by
moving water and it may be used in any water-besring soil or rock ree
gardless of physical composition and size of vold spaces,

The twe main disadvantages of the freesing precess is the high
cost and the long peried of time required to freeze the formmtiens;
some operations have taken several years to complete, Saline water
affects the efficiency and applicability, Lower temperatures over
longer periods of time are required to complete the freezing ef ground

containing salt water,
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DRY ICE-ISOPROPYL ALCOHOL FREEZING METHOD

Introduction

An original research was conducted by the suthor to test the
apialicability of freezing water-bearing sends with isopropyl aleohol
as the refrigerent and dry ice as the cooling medium, This problem was
suggested by Mr. M. P. Nackowski, Instructor in Geology, Missouri School
of Mines and Metallurgy, Relles, Missouri,

In conducting this experiment, it was the author?s intention te
£ind the rate at which send ssturated with water could be frozen and
the temperstures that could be obtained in so doinge. These objectives
stemmed from the hope that low temperatures could be developed with
this metheds This would result in fast freezing,

Pwo tests were conducted, FEach will be discussed separastely,
giving the equipment, procedure, end results.

Tost I
Equigment

The research wa.é started after the necessary eguipment had been
acquired end assembled., The items for the first experiment are listed
as follows: |

1, Insulated freezing chamber
2, Copper coil »
- 3, Heat exchanger
4, Thermometers
5, Reservoir
6, Centrifugal pump
7. Isopropyl alcohol

8. Dry ice
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9. Send and container

The insulated freezing chamber was constructed of s carbide con=
teiner, a wooden container, end sawdust insulation. A pressed fiber
top provided a cover for the chamber. The outside wooden container
wes 17 inches wide, 17 inches long, end 18 inches high, The oarbide
container was 12 inches in diameter and- 14 inches high., The insula-
tion consisted of from 2.5 to 6 inches of sawduste The bottom of the
chest was insulatqd with four inches of sawdust, The pressed fiber
cover provided three inches of insulation for the top,

The coil in the freezing ehamber was made from a plece of copper
tubing one-half inch in diameter end approximstely 15,5 feet long.
This tube was formed into a helical shapé around & 4,5 inch piece of
pipe.

The heat exchanger was made of one inch copper tubing 12 inches
long. A ocopper tube threee-eights of an inch in diameter and 15 inches
long was placed in the center of the one inch tube, This exchanger
is dlegramatically illustrated in Figure 22, The exchanger was
designed so that the ratio of the effective area of the lerge tube te
the area of the small dmbe was 7 to 1, With this ratio the alcehol
flowed 7 times es fast in the small tube as it did in the lerger tube,

The temperature readings were obtained with the use of twe low-
reading thermometers placed in the circulating system. One vms placed
between the freezing chamber and the heat exchanger and the other weas
placed between the heat exchanger and the reservoir.

The reservoir was used to provide a means of filling the system
with aleohol., It also provided an escspe for air bubbles and vapore

ized alcohol which might have become trapped in the unit, A filtering
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flask was used as a reservoir in the first test,

An Eastern model A-1 centrifugal pump was used in the initial test
to circulate the alcohol. This pump was powered by a 1/100 horse=
power motore The motor was connected to the impeller by a drive shaft,

Isopropyl alcohol was chosen because it is less toxic and alse is
cheaper than other low-freezing liquids. Solid carbon dioxide sublimes
et minus 78.5 dege. C. and isopropyl alcohol freezes at minus 88,5 dege
Ce The alcohol would, therefore, remain liquid at the subliming temm
perature of dry ice,

The sand used in this experiment was ordinary river sand soreened
to minus 28 mesh Tyler standard scale to remove lsrge pieces of dirt .
end other impurities. The iron container which was used te hold the
weter-saturated sand was 10 inches in diameter and 11 inches deep.
‘Procedure

The equipment was assembled as follows: (1) A rubber hose with
& low~reading thermometer pleced near the heat exchanger was attached
from the outlet of the freezing chamber to the heat exchanger; (2)
another length of hose with a lew-reading thermometer near the hest
exchanger was used to connect the exchanger and the reservoir; (3)
the reservoir wes oonnected to the centrifugel pump with hose; and (4)
the pump was connected with hose to the freezing chember,

Pifty pounds of dry ice and one-half gallen of isopropyl alcochol
were used in this test.

Results
Some freezing of the saturated sand and water mixture did occur

in the feur hours during which the unit was opersated,

Several difficulties were met while conducting this test. As the
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dry ice sublimed it became necessary to tamp the remaining ice te
maintain contact with the coile An insufficient number of thermometers,
which were difficult to read, were used during the teste. No method was
used to determine the velocity of the alecchol eirculating in the unit,
Test II
Equipment
The second test was conducted with the following equipment:

1. Insuleted freezing chamber

-2+ Kerosene

3« Copper coil

4, Heat exchanger

S Orifice

6. Pressure gage

7« Globe valve

8. Chromel-alumel thermocouples

9. Potentiometer

16, Reservoir

11, Centrifugal pump

12, Send and container

13, 1Isopropyl alcohol

14, Dry ice

The insulated freezing chamber used in this test was the same

63 the one used in test I. Because of the difficulty found in keeping
the dry ice in contaot with the coil during test I, it was decided te
use some liquid to provide this contaot. Kersocsene was chosen as this
liquid because it was relatively inexpensive and less volatile then

some of the other liguids that could have been used, In order to reduce
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the volume ef the chamber, the sarbide container was lined with twe
inch by four inch pieces of woed, This lining reduced the diameter teo
eight inches,

The copper coil and heat.exchanger used in this test were the same
28 those used in test I, No changes were mede in either of these pieces
of equipment,

A globe valve and pressure gage were put into the circuleting
system to determine the velooity of the alecohol., The valve was used
as & throttle for the pump. By regulating the pressure built up by
the pump, the flew was kept at a constant velocity. As & check against
this method, a three-sixteens inch orifice was used in the system, A
manometer eapable of indicating up to 30 inches differential pressure,
wes connected te the taps on either side of the orifice,

Thirteen chromel-alumel thermecouples were used to determine the
temperatures of the water-saturated sand and of the circulating alcohol,
The position of these thermocouples is indicated on Figure 23, In
series with the thermocouples were a potentiemeter, a thirteen pole
switch which wes numbered from zero to twelve, and a double~threw switch
which was used to change the polarity of the potentiometer, When the
temperatures were belew zero degrees C., the double«throw switch enabled
the operator to change the polarity of the potentiometer and read this
tempergture.

A quart oil can, tapped at the top and the bottom to provide an
entrence asnd exit, respectively, was used as the reservoir in the second
test. Te provide insulation for the reservoir, it was pleced in a box

and packed with sewdust,

The pump in test I proved to be too small for this process., An
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A-Centrifugal pump
B-Pressure gage
c-Valve

o-Copper coil
E-Freezing chamber
F-Heat exchanger
G-Container of sand
H-3/16"0rifice

S Reservoir

Nymbars indicate position of thermocouples

Figure 23. Schematic diagram of freezing wast
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Eastern model E~7 centrifugal pump was obbained and used in test II,
This pump was capable of developing 30 p.s.i. at zero flow and zere
PeSei. at a flow of nine geallons per minute,

The sand, container, and alcohol were the seme as those used in
test I. A new supply of dry ice was obtained.

Procedure

The equipment used in test II was assembled as illustrated in
Figure 23, the thermocouples numbered 0, 1, 2, and 3 in Figure 23 were
difficult to seal into the circuit. After many attempts, thi;; problem
was solved by using dental stone around the thermecouples and covering
this stone with a plastic which was dissolved in acetone. Several
coats of plastic were applied and this effectively sealed the thermo-
couples.

Nine thermocouples were placed in the sand, The depth of thermo-
couples numbered 7, 8, and 9 shown in Figure 23 averaged three inches
below the surfece. The depth of these numbered 4, 5, and 6 was 5,6
inches and the depth of those numbered 10, 11, and 12 was nine inches,

The cirouleting system was filled with 0.62 gallons of alcohol,
the initial temperatures were recorded, and then fifty pounds of dry
ice were placed in th.e ‘fr‘ee;ing chamber, The pump was started and the
velocity was regulated to circulate a constent flow of 2,35 gallons ef
aleohol per minute, At the end of five minutes, another reading of
all the thermocouples was recorded snd readings were teken every 10
minutes te the end of the test,

Results
The water-ssturated sand was frozen, The thickness of freezing

ranged from one-guarter of an inch et the surface to more than one inch
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at the bottem, The shape ef the frozen sand approximated that of an
upright cone,

Table 6 shows the temperatures in degrees centigrade for ten
minute intervals measured at each of the thermocouples. The temp-
eratures of the water-saturated sand have been plotted on graphs,
Figures 24, 25, and 26 show the relationship of temperature versus
depth at given time ir_t’cervals. In Figure 24, the water-saturated
sand reached thermal equilibrium after 105 minutes.

Figures 27, 28, and 29 show the relationship of temperature
versus distance from the heat exchanger for the various time interveals,
These ourves were approaching a straighf line as the test progressed,

Figures 30 and 31 are the results of an attempt to construct a
graph showing the isothermel lines in the water-saturated sand st the
end of 105 minutes, As three points determined the ocurves and as
thermal egquilibrium was not reached at all points covered by these
ourves, the isothermal lines could not be plotted.

During the time interval between 85 and 106 minutes, an attempt
was made to determine the effect of a reduced circulation on the heat
transfer, The pump was throttled down so that 1.8 gallons of alcohol
was being circulsted per minute, Table 6 shows that the temperature
begen to rise, It is the authorts opinion that the heat of frictién
generated by the pump caused the increase in temperastures The constant
circulation of 2.35 gallons per minute was resumed and the temperature
of the alecohel lowered,

As the temperature of the aleohol deoreased, the differentiesl head
over the orifice also decreased. The author believes that this change
wasycaused)byrapchangenin density of the isopropyl alcohol as it became

colder,
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TABLE 6

TEMPERATURES MEASURED WITH THERMOCOQUPLES

TIME (MIN,) ALCOHOL SAND
: 0 1 2 3 4 b 6 7 8 9 10 11 12
0 32,76 3345 3348 33,25 29,0 28,76 28,9 28,4 28,4 28,0 29,5 20,5 29,4
6 2348 18.8 18,0 17.6 29.6 29.6 25,1 28,4 29,1 28,8 29,4 29.4 29.4
15 5.0 0 -4.9 --.25 25.5 29.6 29.3 22.4 27.4 28‘2 22‘4 27.5 28.2

25 -9.2 -14.9 -1406 -13.5 18.5 26.5 29.6 1603 23'8 26'6 '1600 2500 27.75
35 «9,0 =14,5 =16,2 ~14.7 ~16.8 23,8 27,3 14,0 21,6 25,0 13.3 22,75 25.25
45 =10,25 «l17.0 =15,76 =~11.76 13.6 21.5 25.0 12,6 19,2 23,6 11,0 20.8 24,0

B5  =13.5 =18.9 18,4 =1548 12,0 20,0 23,8 10,5 17.8 22,6 9.0 18,6 22,5
66  -14.0 =19.8 =19.6 =17.0 10,2 18,6 22,76 9.26 16,0 2l.4 7.2 17,0 22,0
76 15,0 ~19.0 =205 =168.0  BuTB 17,0  21.3  T.5 14,8 20,9  5.76 16,56 18,9
85 -1400 ”2100 ‘2101 .2404 7.25 15.3 19.4 6.75 1400 1900 404 13085 17.8
06  «12.7 =20.3 19,7 =21.0 6.75 14.2 18,7 5.8  13.1 17.8 3.5 12,6 1646
106 =11.3 «1T.2 =17.2 =14.0 6.2 138.2 17,3 6.2 12,6 17,2 8.0 11,6 15,2
115 =14.0 =200 =~19.1 =18.8 5.3 12.5  16.3 5.5 114 16,0 2.2 10,8 14,2
126 =15,76 =19.8 =19.8 =18.8 4.2 11,4  16.4 4.4 11,0 14,9 13 9,6 13.6
155 =17.0 =21.25 =21.756 =20.3 2.6 10,5 14,7 3.4 9.8 12,5 26 8.8 12,8
145 ~17.6 =23.0 =22,3 =205 2.0 10,0 14,0 2,6 8.9 12,4 0 8.2 12.4
166  =15.5 =19.5 =19,56 =19.0 1.5 8.7 18.3 2.0  Te5 1140 =76 T4 11,5
1656  =15.9 =19.0 =19,0 =18.7 B TeB  12.6 8 643 9475 =143 T, 10,8
178 =13,0 «21.0 2140 207 -ed 70 10,0 0 5.8 10,0 «2,0 6 ¢35 9.78
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Svmmary

The first test was a failure since not enough date were obtained,

In attempting to correct this for the second test, additional equip=-
ment was obtained so that the shortcomings of the first test were not
repoated, The results of both tests showed that a water-saturated
sand could be frozen in laboratory experiment using this method ef
freezing,

Conclusions

1. Dry ice-isopropyl alcohol can be used to freegze quicksand in
laboratory experiments,

2. More tests should be performed using more thermocouples te
obtain detailed information concerning the temperature
gradient in the quicksand.

3. Future tests should be carried through a longer period of
time so that thermal equilibriwm can be reached throughout
all parts of the quicksande

4, Future tests in which the temperature difference between the
saturated sand-water mixture and the atmosphere is not as
large as in these tests., Perhsps the experiments should be
oconducted in the experimental mine of the Missouri Schoel
of Mines,

5. Where necessary, the lines ocarrying the cooled alcohol should

be insulated to improve efficiency.
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